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The environment of methanogens 
Niches to which the supply of organic material runs faster than the 
supply of inorganic electron acceptors like oxygen, are the natural 
habitats of fermenting micro-organisms and methanogenic bacteria. 
Methanogens are also found at places where substrates (e.g. H- and 
CO«) emerge by geochemical activities like Lake Kivu and geothermal 
springs (Günther and Musgrave, 1966; Zei kus and Wolfe, 1972). 
Methanogenesis forms the terminal step of the anaerobic decomposi-
tion of organic matter. Methanogenic bacteria are the scavengers of 
the products of anaerobic degradation (acetate, methyl ami nes, hydrogen, 
carbon dioxide and -formate). By converting acetate and formate to 
methane and carbon dioxide, methanogenic bacteria prevent acidification 
of their ecosystem. They also regulate the ecosystem at the electron 
level by removal of hydrogen formed by hydrogen producing organisms. 
The latter organisms only obtain energy from fermentative oxidation 
reactions if the hydrogen produced is removed (Jeris et al., 1965; 
Thauer et al., 1977; Zehnder, 1978). 
The ecological niches of methanogens can be divided into 2 
different types. Biodegradation in the first type is characterized by 
the production of large amounts of acetate. The methane produced 
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originates for 60-70% from acetate (Jeris et al., 1965; Smith and Mah, 
1966; Cappenberg and Prins, 1974). This type is found in sediments of 
rivers and fresh water lakes, bogs, tundras, sewage sludge digestors 
and in decaying heartwood of certain trees. The second type is 
characterized by a methane production essentially from formate and H-/ 
C0? like in the rumen or cecum of herbivores and in marine sediments. 
Ifethane production 
Methane production occurs in temperate glacier ice (Berner, 1975) 
as well as under thermophilic conditions (Zeikus and Wolfe, 1972). 
Recently, a thermoduric methanogen with an optimal growth temperature 
around 830C was isolated from a thermal spring (Dr. K.O. Stetter, 
personal comnunication). 
Natural gas contains about 95% methane and is formed together with 
petroleum and coal from decomposing vegetation of carboniferous swamps 
(Zehnder, 1978). Four thousand years ago this gas was already used in 
the south-western part of China as an energy source. However, in 
Europe the use of a methane containing gas did not start before the 
middle of the nineteenth century. Farmers in the north-western part of 
the Netherlands were perhaps the first users of a man-made methane 
producing system. Cattle - and domestic waste was drained off in the 
ditches. The result was a vigorous gas production. This gas was 
collected and used for heating. 
The urbanisation and later on the industrialization resulted in the 
concentrated use of organic materials as food and raw materials. The 
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waste materials resulting from these processes are the substrates of 
fermenting and methanogenic bacteria, since aerobic bacteria can not 
compete with them due to the absence of a sufficient amount of oxygen 
as electron acceptor. A number of environmental problems were created 
by this concentrated supply of digestible materials. The waste 
deposits of cities were covered with earth to be used for agriculture 
and forestry. However, methane produced within these deposits appeared 
to push away oxygen from the roots of plants: as a result growth of 
the plants was inhibited and death was the general effect. Liquid 
waste was drained off in lakes, rivers and canals: again fermenting 
and methanogenic bacteria were introduced as scavengers of the organic 
materials and no place was left to eucaryotic or procaryotic 
respiratory organisms. Even the supply of inorganic materials to the 
environment caused problems resulting from the fertilization of 
natural waters by nitrogen and phosphorus, from the stimulation of 
microbial photosynthesis usually limited by these supplies and from 
the anaerobic degradation of the waste of this eutrophication. 
Fermentation and methanogenesis form the basis of a number of 
applied processes. The anaerobic treatment of liquid waste from 
domestic and industrial sources in a sludge digester has proven to be 
an adequate method in the elimination of organic waste from domestic 
sources (Weilinger, 1977), sugar beet campaigns (De Vletter, 1977, 
1978; Lettinga et al., 1978), animal farms (Van Velsen, 1978) and 
farina-factories (Lok, 1978; Versprille, 1978). A secondary advantage 
of these processes is the production of energy in the form of biogas 
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containing about 60-70% methane, together with CO- and a small amount 
of H2S. 
Anaerobic digesters are already very comon in third world 
countries like the People's Republic of China and India (Hayes and 
Drucker, 1980). In these countries small scale digesters are fed with 
cow dung, night soil and domestic waste. Besides the primary goal of 
hygiene these digestors provide also an important step in mechaniza-
tion and self-reliance of the house-keeping. 
Methanogenia baateria 
Methanogenic bacteria differ from other micro-organisms in many 
aspects: the composition of the cell wall (Kandier and Hippe, 1977; 
Kandier and König, 1978; König and Kandier, 1979). The lipid composi-
tion of the membranes (Tornabene and Langworthy, 1978; Makula and 
Singer, 1978), the oligonucleotide catalog of 16 S rRNA (Fox et al., 
1977; Woese et al., 1978; Stackebrandt and Woese, 1979), the base 
composition of t-RNA's (Best, 1978; Hagrum et al., 1978) and the 
length of the genome (Mitchell et al., 1979). Therefore methanogenic 
bacteria are placed in a separate primary kingdom and they are called 
archaebacteria, together with the extreme halophiles (halobacteria) 
and two thermoacidophiles {Sulfolobue and Thermoplasma) ; these 
organisms live in extreme environments and share many characteristics 
with the methanogens (Woese and Fox, 1977). 
Besides these aberrant characteristics methanogenic bacteria also 
posses a number of unique coenzymes: 
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- Coenzyme M which is involved in the reduction of C,-compounds at the 
methyl level (McBride and Wolfe, 1971; Taylor and Wolfe, 1974; Balch 
and Wolfe, 1979). 
- F4 2 0 which is involved in oxidoreduction reactions (Eirich et a l . , 
1978), 
- F..» which contains nickel (Gunsalus and Wolfe, 1978; Diekert et a l . , 
1979; Whitman and Wolfe, 1980; Diekert et a l . , 1980a-d), 
- F... with unknown function (Gunsalus and Wolfe, 1978; Doddema and 
Vogels, 1978), 
- Component В which is involved in the methyl coenzyme M methyl reductase 
reaction (Gunsalus, 1977), 
- CDR-factor, a component involved in the reduction of CO- (Romesser, 
1978), 
- Specific cobalamins, which are derivatives of Factor I I I (Lezius and 
Barker, 1965; Blaycock and Stadtman, 1966; Krzycki and Zei kus, 1980), 
and 
- Specific pterin-type compounds, which are involved in the f i r s t 
reduction step(s) of CO^  (Keltjens and Vogels, 1981). 
Subetratea for methanogenesis 
The different niches of methanogenic bacteria can be occupied by 
physiologically different organisms, which catalyze the conversion of 
one or more of the following substrates into methane: 
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4 H 2 + С0 2 
4 НСООН 
4 СО + 2 Н 20 
сн3соон 
4 СН30Н 
— СН 4 + 2 Н20 (1) 
— 4 Н2 + 4 С02 — СН 4 + 2 Н20 + 3 С02 (2) 
— сн 4 + 3 С0 2 (3) 
— СН 4 + С0 2 (4) 
— 3 СН4 + С0 2 + 2 Н20 (5) 
4 CH3NH2 + 2 Н20 — 3 СН 4 + С0 2 + 4 NH3 (6) 
2 (СНз)2МН + 2 Н20 -* 3 СН 4 + С0 2 + 2 NH3 (7) 
4 (CH3)3N + 6 Н20 -^ 9 СН 4 + 3 С02 + 4 NH3 (8) 
Itost of the about 20 species of methanogenic bacteria known today 
grow on a mixture of hydrogen and carbon dioxide (1) and about half 
of the species posses the additional enzyme, formate dehydrogenase, 
which enables these bacteria to use formate for growth (2). Some of 
the methanogenic bacteria (e.g. Methmobaeterium formicicum and 
Methanoearcina barkeri) can use carbon monoxide (3) as a substrate for 
growth and methanogenesis (Schnellen, 1947; Daniels et al., 1977). A 
number of species cometabolize acetate when suitable carbon and energy 
sources are available (Bryant et al., 1971; Zeikus et al., 1975), but 
only three species are known which grow at the expense of acetate as 
sole substrate of methanogenesis (4): Methanoearcina barkeri, the most 
versatile methanogen known so far, is able to grow on H2/C02, acetate, 
methanol, CO, and methylamines (Schnellen, 1947; Daniels et al., 1977; 
Mah et al., 1978; Hippe et al., 1979), Methanococoue mazei (Mah, 1980) 
and Methanotrix aoehnaenii (Zehnder et al., 1980; Huser, 1981). 
Besides acetate, no other carbon and/or enerqy substrate, including 
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hydrogen, is used by M. eoehngenii. The bacterium splits formate into 
hydrogen and carbon dioxide but no methane is formed. 
Process of methanogeneais 
In 1956 Barker proposed a general scheme for methanogenesis 
(Chapter 8, Figure 1). The intermediates at the different reduction 
levels are bound to one or more unidentified carriers. A role for 
folates in the initial reduction steps was postulated (Barker, 1967, 
1972; Stadtman, 1967), but recent studies show that other pterins are 
involved in at least some of these steps (Keltjens and Vogels, 1981). 
The discovery of coenzyme M (McBride and Wolfe, 1971; Taylor and 
Wolfe, 1974) provided a basis for the understanding of the terminal 
step in methane formation. Methyl coenzyme M (CH3S-CoM) is reduced to 
coenzyme M and methane in the methanogenesis from CO- and methanol 
(Gunsalus and Wolfe, 1977, 1978; Shapiro and Wolfe, 1980). The 
following reaction is catalyzed by methyl coenzyme M methyl reductase: 
CH 3S-CH 2-CH 2-SO 3H Q- HS-CH 2-CH 2-SO 3H + сн4 
methyl coenzyme M coenzyme M 
It has been shown that in the terminal step of methanogenesis 3 
components are involved: a hydrogenase, a cofactor,called component B, 
and the methyl reductase (Gunsalus and Wolfe, 1980). The methyl-
reductase was purified to homogeneity by Ellefson and Wolfe (1980). 
A role of cobalamins in the last reduction step was proposed by 
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Barker (1972) and by Stadtman (1967) but could not be established 
(Wolfe and Higgins, 1979; Ellefson and Wolfe, 1980). However a new 
type of a yet unidentified tetrapyrrole, called F-,0, in which cobalt 
is replaced by nickel was discovered (Gunsalus and Wolfe, 1978; 
Diekert et al., 1979, 1980a-d; Whitman and Wolfe, 1980). Recently 
Keltjens and Vogels (1981) demonstrated the presence of bound coenzyme 
M in preparations of F43Q· 
The energy metabolism of methanogenic bacteria was discussed by 
Doddema (1980) and Zehnder (1978). Suffice to say that ATP is 
necessary in most systems of methane production by crude and dialyzed 
cell-free extracts of all methanogens (Roberton and Wolfe, 1969, 1970; 
Gunsalus and Wolfe, 1977, 1978a,b; Romesser, 1978; Shapiro and Wolfe, 
1980). 
Се ЪЪ carbon syntheais 
Cell carbon synthesis in methanogenic bacteria is only poorly 
documented at this moment. In the presence of acetate about 60% of the 
cell carbon is derived from acetate in Methanobrevibacter rumLnantiim 
(Bryant et al., 1971) and M. barken (Weimer and Zeikus, 1978b). The 
acetate assimilation pathway of M. barkeri was partly characterized by 
Weimer and Zeikus (1979) and resembles that reported for certain 
Clostridia The pathway starts with a still unknown synthesis of acetyl-
CoA. From acetyl-CoA pyruvate (and alanine) are formed and on one hand 
citrate, isocitrate and a-ketoglutarate (and glutamate) and on the 
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Fig. 1. The acetate assimilation pathway of M. bcwkeri. 
assimilation pathway of M. barkeri d i f f e r s from that of ttethano-
bacterium thermoautotrophioum, which synthesizes glutamate via a 
pathway involving malate, fumarate, succinate and o-ketoglutarate 
(Zeikus et a l . , 1977; Fuchs et a l . , 1978). 
M. barkeri and other methanogens l i k e M. thermoautotrophioum 
able to grow on H-ZCCL as sole carbon and energy sources ( th is thesis; 
Zeikus and Wolfe, 1972). However Taylor et a l . (1976) and Daniels and 
Zeikus (1978) concluded on the basis of enzymic activities found for 
essential enzymes of CO- fixation pathways that it is doubtful whether 
the Calvin cycle, the seri.ne or hexulose pathway or the total acetate 
synthesis pathway are functional in M. thennoautotrophicum. M. barkern. 
and M. thermoautotrophiaum both lack a complete tricarboxylic acid 
cycle. 
Purpose of this study 
Most studies performed so far are directed to the organisms and 
pathways involved in the conversion of tWCO» to methane, whereas 60-
70% of all methane formed in sediments and in sludge digesters is 
derived from acetate. The conversion of acetate, methanol and methyl-
amines to methane had attracted hardly any attention. The importance 
of the other substrates of methanogenesis and the lack of knowledge on 
the similarities and dissimilarities in the biochemistry of methanogens 
makes it worthwhile to study methanogenic bacteria which are active in 
these processes. 
At the time I started щу experiments M. barhsri was the only known 
methanogen growing on acetate and methanol as sole carbon and energy 
source. It took me about one year before I succeeded to adapt and mass 
culture M. barkeri on acetate. 
In samples taken from methanogenic ecosystems I observed only small 
numbers of methanosarcinas by means of the epifluorescence microscopy 
technique (Doddema and Vogels, 1978). I concluded that other organisms 
are also involved in the conversion of acetate and I started 
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enrichment cultures on acetate (Chapter 2). A Methanobpevibaater 
strain was isolated but further studies in this thesis were performed 
with M. barkeri. 
The growth conditions of M. barkeri in defined media were 
established in order to ensure a constant supply of cells grown under 
fixed conditions (Chapter 3). The cells and cell-free extracts 
obtained from them were used in the studies on the process of 
methanogenesis. The important role of coenzyme M in the methanogenesis 
was described earlier in this Introduction. A method had to be worked 
out which allowed the simultaneous and convenient separation and 
determination of various derivatives of coenzyme M (Chapter 4). The 
isotachophoretic analysis appears to be a powerful technique to study 
the conversions of coenzyme M derivatives in cell-free extracts. 
The effects of coenzyme M derivatives on methane production by 
extracts of M. barkeri and of the autotrophic M. thermoautotrophiaum 
are described in Chapters 5 and 6, respectively. Moreover a number of 
techniques used in the anaerobic work and many analytical procedures 
are compiled in Chapter 5. The results obtained pointed out that the 
methanogenic activities of the two bacteria are effected in a 
different way by coenzyme M derivatives. Methane production from H«/ 
COj and methanol by extracts of M. barkeri is not stimulated by CH3S-
CoM, but by HS-CoM. In M. thermautotrophicum and most other 
methanogenic bacteria methane production from H^/CC^ is stimulated by 
CHjS-CoM and not by HS-CoM. Dialyzed extracts of M. barkeri did not 
reduce QUS-CoM. However, in the presence of cobalamines methane is 
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formed from CH-S-CoM (Chapter 7). 
The results w i l l be discussed in Chapter 8. 
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CHAPTER 2 
THE ISOLATION OF A METHANOBREVIBACTER SPECIES 
INTRODUCTION 
In nature methane is formed essentially from two sources, viz. 
carbon dioxide and acetate. All methanogenic bacteria except two 
(Zinder and Mah, 1979; Zehnder et al., 1980) can reduce CO« to CH- in 
the presence of H-. A variety of methanogenic bacteria can use formate 
as a sole substrate for methane production and cell-carbon synthesis 
(Balch et al., 1979). The metabolically most versatile methanogen is 
Methanosarcina Ъагкетг which grows and produces methane at the expense 
of H 2/C0 2, methanol, methyl ami nes, CO or acetate (Schnellen, 1947; 
Stadtman and Barker, 1951; Mah et al., 1978; Smith and Mah, 1978; 
Hippe et al., 1979). 
Up till now about 15 strains of methanogenic bacteria are isolated 
as pure cultures. These bacteria are morphologically very diverse and 
inhabit different ecological niches, but have otherwise much in 
common (Wolfe and Higgins, 1979). The unique features of the 
methanogenic bacteria and their important role in the recylcing of 
organic matter make it worthwhile to isolate new strains from 
different habitats. 
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MATERIALS AND METHODS 
ΙηοσύΙα 
Samples out of the anaerobic sludge digester at the sewage 
treatment plant in Groesbeek, The Netherlands, or canal mud taken 
from the Goingarijpster Poelen near Sneek, the Netherlands, were used 
to start enrichment cultures. 
Media 
Enrichment and pure cultures were grown in a basal medium (Hutten 
et al., 1981), supplemented with 30 mM NaHCO,, when CO2 was present 
in the gas phase, and with 60 mM sodium acetate, when indicated. The 
pure cultures were grown in the same medium, or in a similar medium, 
in which sodium sulfide and cysteine were replaced by titanium-(III)-
solutions, containing citrate (0.5 mM) or tartrate (5 mM) as 
complexing ligands, as described by Zehnder and Wuhrmann (1976). The 
media (25 ml) were present in serum bottles (150 ml) which were closed 
with butyl rubber stoppers, evacuated, sterilized for 20 min at 1200C, 
and provided with the desired gas phase at a pressure of two 
atmosphere (200 kPa; for safety reasons no higher pressures were 
applied). All gases were freed of oxygen by passage through a pre-
reduced catalyst (BASF R3-11) at 150oC. 
Cultupe technique 
Serial dilutions were made in serum bottles (30 ml) by transfer of 
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2.5 ml to 22.5 ml medium with sterile disposable syringes (New 
Brunswick). The syringes were pushed through the rubber stoppers; 
this technique allows aseptic handling under anaerobic conditions 
(Hutten, 1980). Cultures were shaken at 200 rpm at 370C and gases 
were replaced three times a week. Growth was monitored by following 
methane production and by measuring the absorbance at 660 nm. 
Pure cultures were propagated with a 4% inoculum and were mass 
cultured as described by Hutten et al. (1981). 
Caaes 
Gases were analyzed on a Pye-GCV-gas Chromatograph by injecting 100 
ul samples (Hutten et a l . , 1981). 
Volatile fatty acide 
Fatty acids were determined according to Hutten et a l . (1981). 
Містоваору 
Phase contrast photomicrographs were taken with a Leitz Dialux 
microscope and fluorescence microscopy was done as described by 
Doddema and Vogels (1978). 
DNA base composition 
Cells were extracted according to the method of Schmidt and 
Tannhauser (1945). Deoxyribonucleic acid (DNA) was purified from the 
cell homogenate according to Marmur (1961). DNA was hydrolyzed with 
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0.1 N HCl at 100oC for 40 min. DNA bases were separated on a Sephadex 
SP-25 column (200 χ 15 im) equilibrated with 0.1% sodium acetate-
acetic acid (pM 3.7) and were eluted subsequently with a solution of 
0.6% NaCl, pH 3.7, and a solution of 0.6% NaCl, pH 8.0. The 
absorbance of the eluted fractions was measured at 248 nm (adenine) 
and 260 nm (guanine). Molar extinction coefficients for adenine and 
guanine were determined under the experimental conditions applied. 
The molecular GC-percentage of Methanobacterium thermoautotraphiaum 
was used as a reference in this procedure and was determined to be 
52%, a value in accordance with that reported by Zei kus and Wolfe 
(1972). 
Amino acids 
Amino acids were converted to the dansylated derivatives, separated 
and identified by thin layer chromatography (Seileu, 1970). 
Cysteine was determined according to Gaitonde (1967). 
RESULTS 
Enrichment, isolation and aultivation 
Samples (2.5 ml) of mud or digested sewage sludge were used as 
inocula of media containing 60 mM sodium acetate as carbon source. 
The gas phase was hydrogen. After one to two weeks a dilution (up to 
10 -fold) of the cultures with a vigorous methane production was used 
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to propagate the bacteria in the same media. The procedure was 
repeated five times and pure cultures were obtained by use of the roll 
tube technique (Hungate, 1969), adapted to the serum bottles used 
(Hutten, 1980). The roll tubes contained the basal medium supplemented 
with 3% agar, 125 mM sodium acetate, 30 mM NaHC03 and H 2/C0 2 (80/20, 
v/v) as gas phase. The strains isolated from both inocula were similar 
as to the morphological and physiological properties tested and the 
strain (indicated as TH) isolated from mud was cultivated further. 
Stock cultures were stored at 40C. 
Deeaription of etrain TH 
The organism (Fig. 1) consists of straight (4 χ 0.6 μπι), gram­
positive, non-motile rods. Cell morphology was somewhat dependent on 
the substrates and growth conditions applied: chains of cells occurred 
г^Х' V ^<>/ 
,* ' 
Fig. 1. Morphology of Methanobrevibacter strain TH. 
The culture was grown on Hp/CO- in the presence of 60 mM acetate. 
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Methane production (7.) 
ί.0 50 
Temperature ("C) 
Fig. 2. Temperature optimum for methane production of Methanobrevi-
bacter strain TH. 
Methane production was measured after 4 days. Methane production at 
370C has been taken as 100%. No growth and methane production was 
observed after 10 days at temperatures below 20oC and above 520C. 
in standing cultures. Flagella and fimbriae were absent (Doddema et 
al., 1979). Cells showed a strong fluorescence on illumination with 
light at wavelengths of 342 and 420 nm. This property is 
characteristic for methanogenic bacteria (Doddema et al., 1979). Roll 
tubes contained yellow, convex colonies (1 imi). The GC-percentage of 
DNA was 27.5%. 
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Methane production ( % ) • 
120 
Fig. 3. Optimal pH for methane production of Methanobrevibacter 
s t ra in TH. 
The pH was measured at room temperature under aerobic conditions 
a f ter shaking for 30 sec. Methane production af ter growth for 4 days 
at pH 7.2 at 370C was taken as 100%. 
Growth aonditicne 
Growth of strain TH in the basal medium containing acetate and 
NaHCO-j, and in the presence of ^/COj was optimal at 34-370C (Fig. 
2) and pH 7.2 (Fig. 3) . The generation time was about 8 h. Replacement 
of the reducing compounds sodium sulf ide or cysteine by t i tanium-
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(Ill)-citrate did not affect growth rate or methane production. 
Methane is produced by cultures incubated in the presence of H-ZCO-
(80/20, v/v). In the presence of acetate methane production and 
growth are stimulated slightly. In the absence of HCO^'/CO« no 
methane was produced. Acetate (optimal concentration 60 mM) is used 
for methane production in the presence of H- (Table 1), but not in 
its absence. Formate, methanol, ethanol, 1-propanol, 2-propanol, 1-
butanol, 2-butanol and propionate (all tested at 50 mM in the 
presence of either ^ or Np) are not converted to methane. 
A mixture of growth factors (Wolfe, 1971) was applied routinely 
and was essential to obtain growth in prolonged cultures. However, 
folic acid, para-aminobenzoiс acid, vitamin Ъ^ or biotine, which are 
essential for C,-metabolism in most bacteria, were not required for 
growth. Growth was not stimulated by the addition of coenzyme M 
derivatives, which are essential for growth of Methanobrevibaoter 
ruim-nantium (Smith and Hungate, 1958; Balch et al., 1979). 
Strain TH excreted amino acids like alanine, valine and leucine 
during growth in media containing NaHC03 and acetate in the presence 
of H 2/C0 2. 
DISCUSSION 
Comparison of the results obtained in this Chapter with the data 
reported by Balch et al. (1979) indicate that the isolated strain TH 
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Table 1. Methane production from carbon dioxide/bicarbonate and 
acetate. 
Cultures were grown for 5 days in 500 ml bottles with 250 ml basal 
medium, supplemented with the indicated compounds under a pressure of 
180 kPa of the indicated gas phase at 370C and a pH of about 7.5. 
Gas phase 
(v/v) 
H 2/N 2 
(80/20) 
H 2/N 2 
(2.5/97.5) 

















































15 15 0.1 0.2 
pH was about 6.5, because of the addition of C0 2 in the absence of 
NaHCO,. 
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has to be placed within the genus Methanobrevibaater. 
The isolate does not use formate, as Methanobreuíbacter smithii 
does, and growth is not stimulated by coenzyme M, as in the case of 
Methanobrevibaater ruminant-im, and therefore it must be related to 
Methanobrevibaater arboriphilus. The GC-percentage equals that 
reported for the latter organism (Zeikus and Hennig, 1975). In 
contrast to the type strain of this species our isolate is devoid of 
a flagellum (Doddema et al., 1979) and it can use acetate in the 
presence of hydrogen and carbon dioxide. 
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CHAPTER 3 
ACETATE, METHANOL AND CARBON DIOXIDE AS SUBSTRATES 
FOR GROWTH OF MEWANOSABCISA BARXERI 
Methanoaaraina barkeri grows in defined media with acetate, me-
thanol or carbon dioxide as carbon sources. Methanol is used for me-
thanogenesis at a 5 times higer rate as compared to the other sub-
strates. M. barkeri can use the substrates simultaneously, but due to 
acidification or alkalification of the medium during growth on metha-
nol or acetate, respectively, growth and methanogenesis may stop 
before the substrates are exhausted.Growth and methanogenesis on me-
thanol or acetate are inhibited by the presence of an excess of H»; 
the inhibition is abolished by the addition of carbon dioxide, which 
probably serves as essential source of cell carbon, in the ab-
sence of which methanogenesis ceases. 
INTRODUCTION 
In most non-gastrointestinal environments about 70% of the methane 
is produced from acetate (Jeris and McCarthy, 1965; Smith and Mah, 
1966; Cappenberg and Prins, 1974). At this moment only two organisms 
are known to use acetate as substrate for methanogenesis. The 
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"acetate-organism" grows only on acetate or formate as substrate, but 
not on Hj/CCL (Zehnder et al., 1980). Methanosarcina barkeri grows on 
H-ZCO-, CO, methanol, methylamines and acetate (Schnellen, 1947; 
Stadtman and Barker, 1951; Mah et al., 1978; Smith and Mah, 1978; 
Hippe et al., 1979; Weimer and Zeikus, 1979). Growth of м. barkeri on 
a mixture of methanol and acetate was reported to be diauxic, methane 
being produced from methanol and acetate in sequence (Smith and Mah, 
1978); in the presence of both H./CO- and acetate the former substrate 
was preferentially used (Mah et al., 1978; Ferguson and Mah, 1979). 
Weimer and Zeikus (1978b) observed a simultaneous use of H-ZCO- and 
methanol during growth of M. barkeri, but methanol contributed to a 
larger extent in methane production. 
In this paper results are presented which suggest that the apparent 
preference for one substrate is mainly due to differences in the rates 
of methanogenesis from the various substrates. 
MATERIALS AND METHODS 
Organism and media 
Methanosarcina barkeri strain MS was kindly provided by R.S. Wolfe, 
Department of Microbiology, University of Illinois, Urbana, U.S.A. 
M. barkeri was grown in a mineral medium (Hutten et al., 1981) supple­
mented with NaHC03 (2.5 g/1) when CO2 was present in the gas phase. 
Amounts of 250 ml medium were brought into 500 ml serum bottles, which 
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were closed with butyl rubber stoppers (DC 96A, Rubber N.V., 
Hilversum, Holland) and sealed with screw caps. Evacuation, sterili­
zation and gassing were performed as described before (Hutten et al., 
1981). Sterile methanol (final concentration 250 mM) or sodium acetate 
(final concentration 125 mM) were added as indicated. 
Grousth oanditiane 
Cultures were inoculated (4Ж inoculum) with cells pregrown on the 
same substrate(s) and under the same gas phase. Cultures were incubated 
at 370C without shaking. Samples of the culture and gas samples were 
taken with disposable sterile syringes. Purity of the cultures was 
checked by fluorescence microscopy (Doddema and Vogels, 1978) and by 
incubation of a 4% inoculum in the same mineral medium as used for 
growth but supplemented with yeast extract (0.52) and trypticase (0.5 
%)\ incubation was under an atmosphere of 80% N-^OSS CO«, or Ng. 
Cell yields 
Cell yields were determined at the end of the exponential growth 
in 25 ml of the culture medium. Cells were collected on preweighed 
membrane filters (Sartorius SM 11307). The cells were subsequently 
washed with 0.1 mM К0Н, 0.1 mM HCl and glass-distilled water, 25 ml 
each. The cells and filters were dried to constant weight by incuba­
tion at 600C in a vacuum oven and reweighed after drying. 
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Absorbemoe and pH measurementa 
A 3-ml sample was kept aerobically for 30 min and then absorbance 
at 660 nm and pH were determined. Growth curves obtained by measure-
ment of absorbances closely resembled those obtained by measurement 
of methanogenesis, but due to growth of the organism in large 
aggregates the former method was much less sensitive. 
Preparation of dialyzed cell-free extracts 
Cell rupture and dialysis were carried out as described before 
(Hutten et al., 1981) except that dithiothreitol was omitted. 
Analyses 
Methane, Hj, COg, methanol and acetate were determined by gas 
chromatography (Hutten et al., 1981). Formic acid was determined with 
formate dehydrogenase according to the test system of Boehringer, 
Mannheim, Germany. Protein was determined according to Lowry et al. 
(1951) using bovine serum albumin as standard. 
Chemicals 
Gases were obtained from Hoek Loos, Schiedam, Holland. To remove 
all traces of 0-, the gases which contained H2 were passed over a 
catalyst (BASF R0-20) at room temperature and those devoid of H- over 
a prereduced catalyst (BASF R3-11) at 150oC. Yeast extract and tryp-
ticase were obtained from Difco Laboratories, Detroit, U.S.A. Formate 
dehydrogenase and nucleotides were purchased from Boehringer, 
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Mannheim, Germany. ΑΠ other chemicals were obtained from Merck, 
Darmstadt, Germany. 
RESULTS 
Growth on вгпдіе aubetrates 
Cell yields of M. barkeri and rates of methane formation on various 
substrates are compiled in Table 1. Addition of 0.02% yeast extract or 
trypticase shortened the lag phase of growth. Such additions did not 
Table 1. Rate of methane production and cell yield of W. barkevi on 
various substrates. 
Substrate1 Rate of methane Cell yield 
production2 (mg dry weight/ 
(nmol/l/day) mnol CH-) 
Methanol (10-250 mM) 
Acetate (120 mM) 
H 2 (12 mM)/C02 (3 mM) 
(80:20, v/v, 180 kPa) 
1
 Optimal initial concentrations or ranges over which results are 
invariable are indicated. Methanol and acetate were tested with 
100% N2 in the gas phase. 
2
 Optimal rates measured during exponential growth are given. 
3






















0 10 20 30 0 10 20 30 ¿.О 0 10 20 30 ¿.о 
Time [days] 
Fig. 1. Methane production during growth of M. barkeri on methanol, 
acetate (both under N-) or H-'CQ«. 
Symbols: methane produced (·); substrate consumed (o); pH values (x). 
Cells were grown (250-ml cultures) in the presence of 33 mmol methanol, 
26 rnnol acetate, or H 2/C0 2 (80:20, v/v, 196 kPa). In the experiment 
with H2/CO2, H2 consumption (•) is indicated and the effect of 
repeated (indicated by arrows) supply of the gas phase is given; 
methane produced (o). 
enhance the cell yieldssignificantly, but 0.2% of these compounds 
enhanced the yields 1.5-fold. During the consumption of methanol the 
pH dropped to values around 5.0, at which growth stopped even if me­
thanol was not exhausted (Fig. 1). The acidification of the weakly 
buffered medium was probably due to production of CO« and assimilation 
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of ΜΗ, from the NH4C1 pool (Schönheit et al, 1980). Formic acid, 
which is neither a substrate nor an inhibitor for growth, could not 
be detected in the culture medium. 
Acetate consumption required a long (about 3 weeks) adaptation 
period unless the cells were pregrown on this substrate. These 
results are in accordance with those of Mah et al. (1978). During 
acetate conversion to methane and CO. the pH of the culture increased 
to values around 8.3, at which value acetate conversion ceased (Fig. 
1). A small increase of pH was observed during growth on H-ZCO- (Fig. 
1) and all substrate was used even after repeated repressurizing with 
H2/CO2. 
Growth could be initiated over a broad pH range from 5.5 to 7.5 on 
all substrates tested, but stopped when the values indicated above 
were reached. Initiation of growth on acetate (120 mM) at pH 5.5 
resulted in a lag period which was about 2 times lonqer than at 
neutral pH values but the rate and amount of methane production and 
the increase of cell density were about 2 times higher. 
Groüth on methanol and acetate 
When w. barkeri was grown on a mixture of methanol and acetate, 
methanol was used preferentially, as could be expected on the basis 
of the data presented in Table 1, but also acetate contributed sub-
stantially (12%) to methane production (Fig. 2). When higher concen-
trations of methanol and lower concentrations of acetate were used, 
the relative contribution of acetate to methane production in the 
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5 6 7 
Time (weeks) 
Fig. 2. Methane production during growth of M. barkeri on methanol 
(22 mM) and acetate (40 mM). 
Cells pregrown on acetate were used as an inoculum (4£). 250 ml medium 
was used. Methane production stopped before exhaustion of acetate. 
Symbols: methane produced (·); methanol consumed (o); acetate consumed 
(•); pH values (x). 
first phase of growth decreased and a substantial delay in further 
methane formation occured after methanol was used. This delay may 
have been caused by the acidification of the medium which occured 
during methanol conversion and was also observed in cultures growing 
on acetate at low pH values. The pH of the medium did not drop below 
6.0, when M. barkeri was grown on a mixture of methanol (22 mM) and 
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Time (days) 
Fig. 3. Methane production during growth of M. barken on methanol 
(7.5 mmol) or acetate (4 iranol) in the presence of H-ZCO- (80:20, v/v). 
Symbols: methane produced (·); methanol or acetate present ( D ) ; H-
present ( Δ ) . Moreover the amount of methane produced in the presence 
of H 2 (o) or N- (x) is given. 
acetate (40 mM), whereas the pH dropped to 5.0 on growth on methanol 
alone. 
These results suggest a simultaneous use of methanol and acetate 
as was observed also by Weimer and Zeikus(1978a, b). The preferential 
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use of methanol for growth and methanogenesis was not influenced by 
variations of pH at the start or during growth. 
Grouth -in the presenae of H^/CO^ or H „ 
Methanol was readily converted to methane in the presence of H-/ 
COp and CO- reduction by H» took place simultaneously (Fig. 3). 
Methane production from methanol and H-ZCO- (1.3 nmol/day) was about 
the sum of the methane production from methanol (1.15 ranol/day) and 
H-ZCOp (0.08 nmol/day) alone. The simultaneous use of bL/CO« and 
acetate for methanogenesis was even more pronounced probably due to 
the smaller difference of specific rates of methane production on the 
single substrates (Table 1). In contrast to experiments in which 
acetate was tested under a N« atmosphere (Fig. 1) growth started 
immediately when H./CO- was used as the gas phase (Fig. 3). In the 
absence of CO«, H» inhibited growth and methanogenesis on methanol or 
acetate. The addition of CO- to the inhibited cultures restored 
growth and methane production. Replacement of H-ZCO- as gas phase by 
H- did not further inhibit methane production in cultures in which 
growth on methanol had started already. These results may indicate 
that CO- is essential in the carbon supply for growth and that metha-
nogenisis ceases if this supply is eliminated. In the presence of an 
excess of Hg the small amounts of CO- which are produced from methanol 
or acetate may be converted to methane and growth and further methano-
genesis stop. 
The effect of COg was studied in cultures started with a large 
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Fig. 4. Effect of CO- on methane production from methanol (100 mM) 
or acetate (40 mM). 
A 10% inoculum was added to 140-ml bottles with 50 ml medium con­
taining NaHC03 (2.5 g/1) if indicated. The indicated gas phases were 
applied at a pressure of 196 kPa. Symbols for gas phase and additions: 
H 2 (·) ; H 2 + NaHC03 (•) ; 9b% H 2 + 5% C0 2 + NaHC03 (o) ; 80% H 2 + 20% 
C0 2 + МаНСОз (+). 
inoculum to allow a rapid start of methanogenesis (Fig. 4). Increase 
of the amount of CO- resulted in an elimination of the inhibiting 
effect of H«. In the presence of 20% CO- the substrates (methanol, 
acetate and H-) were completely converted to methane. In the presence 
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Fig. 5. Methane production by dialyzed c e l l - f r e e extracts of 
M. barkeri. 
Concentrations in the incubation mixture (0.5 ml) at 370C were 50 mM 
TES, pH 7.2; 7.5 mM ATP; 22 mM MgCl2; 5 mM coenzyme M; 10 mg protein; 
28 mM methanol, i f indicated. Methane production per flask (10 ml) is 
given. Symbols: methanol absent and H /^CO- (80:20, v/v) as gas phase 
( A ) ; methanol present and H» as gas phase ( · ) ; methanol present and 
tWCO« as gas phase (•). 
Methane formation by dialyzed cell-free extraate 
Previously (Hutten et a l . , 1981) i t was shown that dialyzed c e l l -
free extracts of M. barkeri converted methanol in the absence of H-
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according to the equation: 
4 CH30H — 3 CH4 + C02 + 2 H20 
In the presence of H« the extracts reduced methanol and CO- simulta-
neously and, in contrast to the results obtained with whole cells, 
the extracts reduced methanol also in the presence of an excess of 
tL (Fig. 5). In the latter instance methane was the sole product. 
DISCUSSION 
Methanosarcina barken grows in defined media with methanol, 
acetate, or carbon dioxide as carbon source: growth and methanogenesis 
proceeded also in the absence of yeast extract and trypticase which 
were strongly stimulatory or even essential in previous studies (Mah 
et al., 1978; Smith and Mah, 1978; Mimer and Zei kus, 1978b). The 
carbon sources were used simultaneously for methanogenesis although 
with different rates and cell yields; methanol appeared to be the 
preferred substrate and was converted 4 to 6 times faster than the 
other ones. Smith and Mah (1978) reported diauxic growth in studies 
with methanol and acetate as substrates. However, the diauxic growth 
behavior may be due to differences in the specific growth rates on 
these substrates together with changes of pH, which occured during 
growth; the use of methanol or acetate resulted in a decrease or 
increase of the pH, respectively. 
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Cell carbon for growth of M. barkeri can be derived from acetate 
which is converted to alanine, aspartate and glutamate and can contri-
bute up to 60% of the cell carbon during heterotrophic growth (Weimer 
and Zeikus, 1979). However, during autotrophic or methylotrophic 
growth cell carbon can be derived completely from one-carbon sub-
strates. The results presented here indicate that the presence of 
carbon dioxide is needed for methanogenesis and growth of M. barkeri 
whichever substrate is used. This conclusion followed from indirect 
observations showing that carbon dioxide is produced together with 
methane from methanol or acetate. M. barkeri grew on these substrates 
and produced methane if N2 was used as the gas phase. However» an 
excess of H- inhibited methanogenesis from methanol and acetate and 
the addition of carbon dioxide abolished this inhibition. The inhibi-
ting effect of H» was not observed in methane production from methanol 
by cell-free extracts. The inhibiting effect of H2 on methanogenesis 
from acetate was also observed by Smith and Mah (1978), Mah et al. 
(1978) and Ferguson and Mah (1979), but these authors did not conment 
on this particular point. These results are in contrast to those of 
Zeikus et al. (1975) who showed that the conversion of acetate to 
methane requires the presence of H«. However, in this study cells 
were pregrown on carbon dioxide and the rather small amounts of me-
thane formed on incubation with acetate may have arisen from carbon 
dioxide, which is produced from intermediates formed from acetate 
during synthesis of cell material. In a later study Weimer and Zeikus 
(1978a) reported that the presence of Hp inhibited growth on methanol, 
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and partially,also methanogenesis. 
We suggest that the presence of an excess of H- results in a dis­
organization of the metabolism of H. barkert. Under these conditions 
carbon dioxide is thought to be reduced preferentially to methane and 
a shortage in the supply of cell carbon from carbon dioxide is created. 
By action of a yet unknown control mechanism methanogenesis from me­
thanol and acetate then ceases. 
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CHAPTER 4 
ANALYSIS OF COENZYME M (2-MERCAPTOETHANESULFONIC ACID) 
DERIVATIVES BY ISOTACHOPHORESIS 
2-Mercaptoethanesulfonie acid (coenzyme M, HS-CoM), methyl coenzyme 
M (CH3-S-CoM), acetyl coenzyme M (CHjCO-S-CoM), Z.Z'-dithiodiethane-
sulfonic acid ((S-CoM)_), and bromoethanesulfonic acid can be simul-
taneously and conveniently determined by isotachophoretic analysis. 
Amounts as low as 10 pmol can be detected. The reoroducibi l i tv of the 
method is within 2%. The reduction of (S-CoM)« and the formation of 
CH-j-S-CoM from HS-CoM and methanol by dialyzed ce l l - f ree extracts of 
Methanosarcina barkeri were studied. 
INTRODUCTION 
Coenzyme M (2-mercaptoethanesulfonic acid, HS-CoM)1 is involved in 
methyl transfer in methanogens (McBride and Wolfe, 1971; Taylor and 
Wolfe, 1974) and was found to be present in all methanogens tested but 
1
 Abbreviations used: HS-CoM, (S-CoM)- and CH3-S-CoM, 2-mercaptoetha-
nesulfonic acid (coenzyme M) and its oxidized and methylated form; TES 
N-tris (hydroxymethyl)methyl-2-aminoethanesulfonic acid. 
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not elsewhere (Balch and Wolfe, 1979). In extracts of Methanobaoterium 
bryantii HS-CoM can be formed enzymatically from its oxidized form 
2,2'-dithiodiethanesulfonic acid ((S-CoM)2). Methylated coenzyme M 
(CH.-S-CoM) was shown to be the first product that accumulated in 
substrate amounts during CO^ reduction by cell extracts or whole cells 
of M. brj/antii(McBride and Wolfe, 1971) and this compound is reduced 
to methane and HS-CoM (Wolfe and Higgins, 1979). At this moment it is 
not clear whether hydroxymethyl-coenzyme M (CH?0H-S-CoM) is an inter­
mediate in CO- reduction to methane but fогщуіcoenzyme M (HCO-S-CoM) 
and acetyl coenzyme M (CH3C0-S-CoM) are evidently not intermediates or 
substrates for methane production (Wolfe, 1979; Hutten et al., 1981). 
In order to gain more insight into the role of HS-CoM and its deri­
vatives in methanogenesis it was felt necessary to develop a method 
for separation and quantification of these compounds. Up till now such 
a method does not exist. Isotachophoresis is an electrophoretic method 
that can be used for the qualitative and quantitative analysis of 
ionic species (Everaerts et al., 1976a). In this study isotachopho­
resis has been applied for analysis of coenzyme M derivatives. 
MATERIALS AND METHODS 
Ia otaahophoresis 
The apparatus used was the LKB 2127 Tachophor. Since HS-CoM and 
CHj-S-CoM gave no uv signal at 254 nm, the wavelength of the uv 
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detector of the Tachophor, a specially constructed ac conductivity 
detector (Everaerts et a l . , 1976a, b ) , was used in the detection. The 
separation was carried out at 23 С in a 21-cm Teflon capil lary tube 
with 0.4-mni i . d . The leading electrolyte contained chloride (2.5 mM) 
as the leading anion and 6-aminohexanoic acid as the buffering 
counterion at pH 4.4. Polyvinyl alcohol (0.05%) was added to the 
leading electrolyte to sharpen zone boundaries. The terminal electro­
lyte was sodium acetate (2.5 mM) at pH 4.8. 
Electrophoresis was performed at a constant current of 28 μΑ. The 
voltage increased from 2.4 to 5.4 kV during the run; total assay time 
was about 12 min. The zone length of anions was measured with the aid 
of the d i f f e r e n t i a l curve and expressed in time ( s ) . 
Standard solutions 
HS-CoM and i t s derivatives were either dissolved in g lass-dist i l led 
water or in methanol/water (80/20) at a concentration of 1 mM. A 0.2-
to З-μΙ al iquot of the standard samples was applied to isotachophore-
s i s . Calibration curves were constructed by p lot t ing the zone length 
against the amount (nmol) injected. 
Chemicals 
HS-CoM was purchased from Merck AG, Darmstadt, Germany, and p u r i ­
f ied by recrysta l l i zat ion (Hutten et a l . , 1981). I ts derivatives were 
synthesized as described before (Taylor and Wolfe, 1974; Hutten et a l . , 
1981). Bromoethanesulfonic acid was purchased from Aldrich-Europe, 
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Beerse, Belgium. Polyvinyl alcohol (Merck) was purified with the use 
of a mixed-bed ion exchanger. Other reagents used were of analytical 
grade. 
Organiam and growth conditions 
Methanoaarcina barken strain MS was grown on methanol under an 
atmosphere of ^/CC^ (80/20) as described (Hutten et al., 1981). 
Preparation of oeil-free extracts 
Cell-free extracts were prepared by passage of the cells through 
a French pressure cell at 138 MPa followed by centrifugation of the 
broken cell suspension. The supernatant fraction was dialyzed for 16 
h at 40C against 100 vol of 10 mM TES (N-tris (hydroxymethyl)-methyl-
2-aminoethanesulfonic acid) buffer, pH 7.2, which contained 10 mM 
МдСІ2· The whole procedure was carried out under strictly anaerobic 
conditions (Hutten et al., 1981). 
Аввау for (S-CoM) „ reduction 
The assay mixture (0.5 ml) contained 10 mH TES buffer, pH 7.2, 7.5 
mM ATP, 20 mM MgClj, 4.7 mM (S-CoM)2, and 10 mg protein. Incubation 
was carried out at 370C in 5-ml anaerobic bottles (Hutten et al., 
1981) under a H2 or N 2 atmosphere. At different time intervals 25 μΐ 
of the incubation mixture was sampled anaerobically, mixed with 100 
μΐ methanol, and centrifuged for 1 min (Eppendorf,5412 centrifuge). 
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Fig. 1. Isotachophoretic analyses of coenzyme M derivatives in 
reaction mixtures: 1, chloride; 2, (S-CoM)»; 3, ATP; 4, HS-CoM; 5, 
bromoethanesulfonic acid; 6, CH,-S-CoM; 7, unknown; 8, CH,C0-S-CoM; 
9, unknown; 10, acetate. (A) Isotachopherogram of a mixture of (S-
CoM) 2, HS-CoM, CH-j-S-CoM, CHjCO-S-CoM, and bromoethanesulfonic acid 
in water. Amount injected was 0.4 nmol, ecept for (S-CoM)- of which 
0.2 nmol was injected. (B) Isotachopherogram of a (S-CoM)« reduction 
assay (Table 1) taken after 105 min. (С) Isotachopherogram of a HS-CoM 
methylation assay (Fig. 3) taken after 30 min. 
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Assay for CH,-S-CoM formation from methanol 
The assay mixture (0.5 ml) contained 10 mM Tes buffer, pH 7.2, 7.5 
mM ATP, 20 mM MgCl2, 100 mM methanol, 4.7 mM HS-CoM, and 10 mg protein. 
Incubation and sampling were performed as described for (S-CoM)-
reduction assays. 
RESULTS 
Separation of coenzyme M derivatives by isotachophoresie 
Separation of HS-CoM, CH3-S-CoM, CH3C0-S-CoM, and (S-CoM)2 could 
be achieved by isotachophoresis (Fig. 1A). Since HS-CoM is synthesi-
zed from bromoethanesulfonic acid, a potent inhibitor of methanogene-
sis (Wolfe and Higgins, 1979), and the other coenzyme M derivatives 
from HS-CoM, it is necessary to know the position of the various 
compounds in the isotachopherogram. It appeared that the coenzyme M 
derivatives used were not contaminated with bromoethanesulfonic acid 
or with each other. 
A linear relationship was found between the zone lengths and the 
amounts of anion injected (Fig. 2). With (S-CoM)_ the zone length is 
about twice that observed with an equimolar amount of the other co-
enzyme M derivatives tested. No differences were found in the zone 
length of the anions either run separately or in a mixture. When 
various amounts of coenzyme M derivatives were added to a dialyzed 
bacterial extract of M. barkeri followed by extraction of the extract 
with 4 vol of methanol, the coenzyme M derivatives were quantitative-
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Fig. 2. Calibration curves for (S-CoM)2 (o), CH-j-S-CoM ( D ) , and HS-
CoM (·). Zone lengths were plotted against nmol injected. 
ly recovered as was apparent from the zone lengths in the isotacho-
pherograms. Zone lengths were not influenced by the presence of metha­
nol. When undialyzed extracts were used no good separation was 
achieved and mixed zones неге observed. Therefore always dialyzed 
cell-free extracts were used. 
Amounts as low as 10 pro! and as high as 3 nmol coenzyme M derivato 
could be detected and measured in our test system. Reproducibility of 
the method was better than 2%. 
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Table 1. Reduction of (S-CoMU by dialyzed cell-free extract of 
M. barkeri. 
Time (S-CoM)2a HS-CoMa 
(min) (pmol) (pmol) 
0 2.5 0 
15 2.5 0 
50 2.06 0.87 
75 1.63 1.73 
105 1.33 2.38 
145 0.86 3.32 
a
 The amounts of (S-CoM)« and HS-CoM were calculated from the zone 
lengths observed in the isotachopherogram. 
Reduction of (S-CoM)„ 
The conversion of (S-CoMJg into HS-CoM by dialyzed cell-free 
extract of M. barkeri under a H- atmosphere is shown in Table 1. The 
reaction rate amounts to 1.34 nmol (S-CoM)« converted per minute per 
miligram of protein. This value is about four times as high as that 
reported for the conversion of (S-CoM)- under an argon atmosphere with 
the use of NADPH (Ferry, 1974). For each mol of (S-CoM)» converted 2 
mol of HS-CoM was formed as is evident from the zone lengths in the 
isotachopherograms (Fig. IB). ATP was not required for the reaction. 
No conversion of (S-CoM)« was observed under a N2 atmosphere. 
Formation of CH^-CoM from HS-CoM and methanol 
Figure 3 shows the formation of CH,-S-CoM from HS-CoM and methanol 
under a H2 atmosphere by dialyzed cell-free extract of M. barkeri. 
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Co M derivative (μ mol) 
Time (min) 
Fig. 3. Formation of CHj-S-CoM from HS-CoM and methanol by dialyzed 
cell-free extract of M. barkeri. The amount of coenzyme M derivative 
was calculated from the zone length observed in the isotachopherogram. 
(O) HS-CoM; (·) CH3-S-CoM·, (o) (S-CoM)2. 
The reaction rate amounts to 11 nmol CH3-S-CoM formed per minute per 
milligram of protein. This value is in good agreement with that re-
ported by Shapiro and Wolfe (1980), who used ( 'C)-methanol to measure 
this conversion. ATP is required for this reaction. The reaction rate 
under a Ng atmosphere is about threefold lower. Remarkable was the 
temporary formation of (S-CoM)2 from HS-CoM by the extract (Fig. 1С). 
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DISCUSSION 
Coenzyme M and its derivatives can easily be detected and quanti­
fied by means of isotachophoresis. Each compound tested has a 
characteristic step height - the position in the isotachopherogram -
and the zone length is a measure for the amount of coenzyme M 
derivative present. The zone lengths of the coenzyme M derivatives 
tested are about equal when equal amounts are compared, except for 
(S-CoM)-: in this case the zone length is about twice as long due to 
the presence of two sulfonate groups. 
Isotachophoresis is a powerful technique to study conversions of 
coenzyme M derivatives in cell-free extracts of methanogens. In our 
study the reduction of (S-CoM)- and the methylation of HS-CoM by 
methanol were investigated with dialyzed cell-free extracts of W. 
barkeri. The results obtained were in good agreement with literature 
values (Ferry, 1974; Shapiro and Wolfe, 1980), which substantiates 
the applicability of this technique. 
A remarkable observation was the conversion of HS-CoM into (S-CoM)-
by dialyzed cell-free extracts of W. barkeri (Figs. 1С and 3). This 
may be explained by the presence of an oxidizing compound in the 
extracts which is able to convert part of the HS-CoM into (S-CoM)-. 
The presence of such a compound may also account for the lag period 
observed for the reduction of (S-CoM)- under a H« atmosphere (Table 1). 
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CHAPTER 5 
COENZYME (2-MERCAPTOETHANESULFONIC ACID)-DERIVATIVES AND 
THEIR EFFECTS ON METHANE FORMATION FROM CARBON 
DIOXIDE AND METHANOL BY CELL-FREE EXTRACTS OF 
METiANOSARCIM BARKERI 
Extracts of tiethanosarcina bcœkeri reduced methanol and CO2 to CH. 
in the presence of Hp and converted methanol stoichiometrically into 
CH. and CO- in the absence of H-. In dialyzed cell-free extracts these 
reactions were stimulated by 2-mercaptoethanesulfonic acid (coenzyme 
M) and some derivatives (acetyl and formylcoenzyme M and the oxidized 
form of coenzyme M), which could be converted to coenzyme M by enzyme 
systems present in the extracts. Methyl coenzyme M could not be used 
in these systems. 
INTRODUCTION 
Unlike other methane-producing bacteria, which use only H^/CO» or, 
in some species, formate, Methanosareina barkeri forms methane from H«/ 
CO«, methanol, acetate, methylamines (mono-, di-, and trimethylamine 
and ethyl di methyl ami ne), and carbon monoxide (Hippe et al., 1979; Mah 
et al., 1978; Schnellen, 1947; Smith and Mah, 1978; Stadtman and 
Barker, 1951; Weimer and Zeikus, 1978). The phenotypic properties of 
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M. Ъагкегг d i f f e r so much from those of other methanogens that th is 
species has been placed in a different family or order (Balch et a l . , 
1979); however, M. Ъагкетг shares with the other methanogens some 
unique coenzymes, including coenzyme M (CoM). This compound was 
discovered by McBride and Wolfe (1971) as a new cofactor of methyl 
transfer reactions in methanogens, and Taylor and Wolfe (1974a) 
ident i f ied i t as 2-mercaptoethanesulfonic acid (HS-CoM). This 
substance and i t s derivatives are found exclusively in methanogenic 
bacteria (Balch and Wolfe, 1979a), and they are growth factors of 
Methanobrevibacter ruminantiwn (Balch and Wolfe, 1976; McBride and 
Wolfe, 1971; Taylor et a l . , 1974). 
HS-CoM can be methylated by the methylcobalami η-coenzyme M 
methyl transferase of Methandbaaterium bryantii (Taylor and Wolfe, 
1974b) and Methanos-pirillwn hungatei (Ferry and Wolfe, 1977), but a 
role for this enzyme in the reduction of CO- to CH. is questionable 
(Gunsalus et a l . , 1976; Wolfe and Higgins, 1979). HS-CoM can be formed 
by reduction of З^ '-аШтоатеШпезиИоптс acid, (S-CoM)-, in 
extracts of M. bryantii by means of a NADPH-1 inked oxidoreductase 
(McBride and Wolfe, 1971; Taylor and Wolfe, 1974b). 
Methyl coenzyme M(2-(niethylthio)ethanesulfonic ac id, CH3-S-CoM) is 
reduced to methane and HS-CoM by a reductase, which can be coupled 
to H- in the presence of a hydrogenase and an as-yet-unknown f a c t o r , 
component В (Gunsalus et a l . , 1976; Gunsalus, 1977; Wolfe and Higgins, 
2+ 1979). The reducing complex requires Mg -ions and a c a t a l y t i c amount 
of ATP for f u l l a c t i v i t y (Gunsalus and Wolfe, 1978). CH3-S-CoM was 
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shown to be the f i r s t product that accumulated in substrate amounts in 
ce l l extracts or whole cel ls of tí. bryantií (McBride and Wolfe, 1971). 
CH3-S-CoM strongly stimulates the reduction of CO- by Hp in ce l l - f ree 
extracts of Methanobaoteiñ-um themoautotrcphioim (Gunsalus and Wolfe, 
1977). The rate of methane formation is enhanced 30-fold and, while 
CH3-S-CoM i t s e l f is converted to methane, 11 times more molecules of 
CO- are reduced simultaneously. This effect of ОЦ-З-СоМ, called the 
RPG-effect (Wolfe and Higgins, 1979), is not exerted by HS-CoM or 
(S-CoM)2. 
This paper deals with the different effects of HS-CoM, CH.-S-CoM, 
and other coenzyme M-derivati ves on the methanogenesis from CO- and 
methanol in dialyzed c e l l - f r e e extracts of M. barkeri. 
MATERIALS AND METHODS 
Organisms and growth conditions 
M. barkeri MS was kindly provided by R.S. Wolfe, Department of 
Microbiology, University of I l l i n o i s , Urbana, U.S.A. I t was grown in 
a basal medium containing the following ( in g / l i t e r ) : K-HPO-, 0.23; 
KH2P04, 0.23; (NH4)2S04, 0.23; NaCl, 0.46; MgS04.7H20, 0.09; CaCl2. 
2H20, 0.06; Na2S.9H20, 0.24; L-cysteine HC1.H20, 0.18; sodium 
resazurin, 0.001. The basal medium also contained 10 ml of vitamin 
solution (Wolin et a l . , 1963) and 10 ml of trace mineral solution 
(Wolin et a l . , 1963). One of the following carbon sources was used 
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together with NaHCO, (2.5 g/liter): sodium acetate (1.5 g/liter) plus 
a gas mixture containing 80% H. and 20% C0„ at a pressure of 1.5 
atmospheres (atm) (147 kPa); methanol (10 ml/liter) or sodium acetate 
(10 g/liter) plus a gas mixture of 80% N- and 20% C02. The H 2/C0 2 
mixture was sparged through cultures (200 ml/14 liters/min), and the 
Ng/CO» mixture was applied as an anaerobic atmosphere (at 1.5 atm) 
buffering the medium. The fermentors were inoculated with a 4% 
inoculum of cells grown previously with the same carbon source. Cells 
were grown at 370C in 14- or 50-liter fermentors for 7 days (carbon 
source: CO- or methanol; cell yield: 2 g wet weight of cells per liter) 
or for 21 days (carbon source: acetate; cell yield: 1 g wet weight of 
cells per liter). Cell were harvested with a Sharpies continuous cen-
trifuge operating in a N- atmosphere. After centrifugation, cells were 
kept frozen (-700C) under a H» atmosphere. Stock cultures were 
maintained essentially by the method of Balch and Wolfe (1976) in 140-
ml or 1-liter bottles closed with black butyl rubber stoppers and 
crimped aluminium seal caps or with screw caps with a central hole to 
accomodate syringe injection. Air was removed from the bottles by 
evacuation before sterilization of the media. After sterilization the 
evacuated bottles were filled with the desired sterile gas mixture at 
2 atm of pressure. The purity of the culture qas checked by microscopy 
(Doddema and Voge-ls, 1978) and by inoculation into a medium which 
contained 5 g of yeast extract (Difco) and 5 g of trypticase (BBL) per 
liter; incubation was under an atmosphere containing 80% N- and 20% CO,. 
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Preparation of oeil-free extracta 
Al l solutions used in the preparation of c e l l - f r e e extracts were 
freed of oxygen by three cycles of evacuation and gassing with H». The 
transfers of cel ls and cel l - f ree extracts and dia lys is were performed 
in a stainless steel anaerobic glove-box (1.95 by 1.15 by 1.5 m), 
equipped with glass windows and contained a 97.5% Np-Z.SSS H-
atmosphere. The concentration of oxygen was kept below 1 y l / l i t e r 
(measured with a CSD type 20-120A couloximeter placed inside the 
anaerobic box) and the amount of moisture was kept constant at the 
dew point of 10 С by circulat ing the gas over an external catalyst 
(BASF R0-20) and a heat exchanger. The external c i r c u i t was also 
equipped with a Domnick Hunter ultra-high-eff iciency f i l t e r to reduce 
the number of part ic les in the atmosphere. The gas pressure was 
regulated at 1.2 to 2.5 mm Hg above the outside pressure. 
Thawed cel ls were washed and suspended (50% wet cel ls) in 120 mM 
TES (N-tr is hydroxymethyl)-methyl-2-aminoethanesulfonic acid) 
buf fer , pH 7.2, containing 15 mM MgCU and 2 mM d i t h i o t h r e i t o l (DTT). 
The cel l suspension was kept under a N- atmosphere in a closed bott le 
and transferred twice anaerobically through a gas-tight tube (Argyle 
MAR 2303) f i t t e d with a syringe-tube connector to a French Pressure 
C e l l . The broken ce l ls obtained after application of a pressure of 
138 MPa were returned similarly to a closed anaerobic b o t t l e . This 
suspension was transferred to stainless steel centrifuge tubes, 
which were closed with stainless steel caps and centrifuged for 30 
min at 30,000 χ £ at 40C. The supernatant f r a c t i o n was used either 
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in this crude cell-free form or after dialysis of a 25-ml sample for 
16 h at room temperature against 2.5 l i t e r of 50 mM TES buffer, pH 
7.2, containing 15 mM MgCU and 2 mM OTT. The dialysis removed 
cofactors and the traces of methanol and acetate which were present 
in the extracts of cells grown with these substrates. 
Aeaay of methane formation 
Incubations were performed in 10-ml bottles closed with black 
butyl rubber stoppers and crimped aluminium seal caps. The assay 
mixture (0.7 ml) contained 120 mM TES buffer, pH 7.2, 30 mM MgCl2, 
7.5 mM ATP, 3 mM CoM-derivatives, 2 mM DTT and about 10 mg protein, 
unless otherwise indicated. Incubation was at 370C. The gas phase 
was either a mixture of 80% H« and 20% CO^  (at 2 atm) or, when 
methanol was used, 100% N« or 100% Wy, the gas phase was applied by 
three cycles of evacuation and gassing before the extract was 
injected with a plastic syringe. The evacuation-gassing cycle was 
repeated once after the addition of the extract. Ethane (100 μΐ) was 
used as internal standard and did not influence CH. production. 
Апаіуаів 
Proton NMR spectra were recorded with Bruker WH90 and Varian EM 
390 instruments. The NMR spectra in D-O were consistent with the 
assigned structures of all components. Gas chromatographic analyses 
were performed with Pye Uni cam model GCV and GCD gas chromatographic 
systems equipped with flame ionization detectors (FID) and thermal 
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conductivity detectors (TCD). Methane, hydrogen and carbon dioxide 
concentrations were determined with a coupled FID and TCD detector 
under the following conditions: Poropack Q (80/100) column at 110 C, 
injector and detector oven at 150oC, and N_ as carrier gas (40 ml/min). 
Gas samples of 100 μΐ or less were analyzed. By feeding the ¿ata ob-
tained to a LDC-computing model 304 integrator, which wa* programmed 
for comparing the amount of each gas with the amount of the internal 
standard ethane, the concentration of each gas was obtained directly 
as nmol per bottle. The response curve for methane was linear for the 
whole range of concentrations that could be produced under our 
conditions. Methanol concentrations were determined with a Pye Unicam 
GCD gaschromatographic system equipped with a FID detector at 1500C. 
The following conditions were used: a stainless steel column (6 feet 
(1.83 m) bij 1/8 inch (3.2 mm)) containing 0.2% Carbowax 1500 on 
Carbopack С (80/100) at 1250C; injector oven at 1500C; N 2 as carrier 
gas (20 ml/min). The sample size was 1 ul, and propanol was used as 
internal standard. Acetate concentrations v,ere determined in samples 
acidified with 25% phosphoric acid with a Pye Unicam model GCD gas­
chromatographic system, using a glass column (30 inch (76.2 cm) χ 
0.25 inch (6.4 mm) χ 4 ш ) which contained 3% Carbowax 20 M and 0.5% 
phosphoric acid on Carbopack С (60/80). The temperatures of the 
column, detector and injector ovens were 175 , 200° and 200oC, res­
pectively. N 2 was the carrier gas (40 ml/min). The sample size was 
4 μΐ, and propionic acid was used as an internal standard. Benzyl-
mercaptan, benzyl alcohol, and toluene concentrations were determined 
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with a Pye Un i с am GCD gaschroraatographic system equipped with a FID 
detector. The stainless steel column (2 feet (61 cm) by 3/16 inch 
(4.8 mm)) contained SE 30 on WHP (60/80). Other conditions were as 
described above for the acetate analysis. Formic acid concentrations 
were determined with formate dehydrogenase by using the test system 
of Boehringer Mannheim. The concentrations of mercaptans were deter­
mined by the method of Ellman (1958) in extracts prepared and tested 
in the absence of DTT. Protein concentrations were determined by the 
method of Lowry et al. (1951) using bovine serum albumin as a standard. 
Chemi cols 
Table 1 shows elemental analytical data for the CoM derivatives 
synthesized as described below. Sodium 2-mercaptoethanesulfonate (HS-
CoM) was obtained from Merck-Schuchardt AG, Darmstadt, Germany; the 
contaminating oxidized form, (S-CoM^, was removed by filtration of a 
hot concentrated solution of HS-CoM in methanol, and HS-CoM was 
purified further by a twofold crystallization from methanol. Sodium 
2-(methylthio)ethanesulfonate (CHj-S-CoM) was prepared essentially as 
described by Taylor and Wolfe (1974a). The crude product (ammomium 
salt) was evaporated to dryness and applied (as a concentrated solu­
tion in water) to a SP-Sephadex C-25 (sodium form) column equilibrated 
with water. The eluted CH3-S-CoM (sodium salt) was recrystallized 
twice from methanol. The overall yield was 60%. Sodium 2-(benzylthio)-
ethanesulfonate (Cg-HgCH_-S-CoM) was prepared in a way similar to the 
way in which ChU-S-CoM was prepared (yield 80%). Potassium 2-
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-, (CH3)2-S -CoM forms an internal salt between the sulfonium and 
sulfonate moieties (Taylor, 1976). 
(acetylthio)ethanesulfonate (CH,C0-S-CoM) was prepared by slowly 
adding a solution of 4 g of sodium 2-bromoethanesulfonate in 25 ml of 
water to a solution of 5 g of potassium thioacetate in 25 ml of water. 
After the reaction mixture was stirred at room temperature for 3 h, it 
was evaporated to dryness, and the residue was recrystallized twice 
from methanol (yield 70%). Sodium 2-(formylthio)ethanesulfonate (HC0-
S-CoM) was prepared in a way similar to the procedure described by Bax 
and Stevens (1970) for the formylation of arenethiols. By mixing 4.1 
g of acetic anhydride and 3.8 g formic acid, the acetic-formic mixed 
anhydride was obtained. HS-CoM (2.0 g) and 2 drops of pyridine were 
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added, and the reaction mixture was s t i r r e d f o r 24 h at room 
temperature. A large volume of ether was then added to precip i tate 
the product, which was f i l t e r e d , washed with ether, dried and stored 
at -80oC (yield 90%). This product decomposes p a r t i a l l y when stored 
at -20 С for more than 1 month. 2-(Diiiiethylsulfonium)ethanesulfonate, 
(CH-jU-S -CoM, was prepared essentially as described by Taylor and 
Wolfe (1974a). This compound was crystal l ized from methanol/water 
(yield 60%). Sodium 2,2 ,-dithioethanesulfonate, (S-CoM)2, was 
prepared by dissolving HS-CoM in methanol and oxidizing t h i s solution 
with a solution of I - in methanol. The reaction mixture was 
neutralized with sol id NaHCO, and evaporated to dryness a f t e r removal 
of excess NaHCO- by f i l t r a t i o n . Nal was removed from the product by 
gel f i l t r a t i o n over Sephadex G-10. Then the product was pur i f ied 
further by c r y s t a l l i z a t i o n from methanol/water (y ie ld 30%). Methyl 
2-(methylthio)ethanesulfonate (CHjSCHgCH-SOjCH,) was prepared by 
adding 0.02 mol s u l f u r i c acid to a solution of 3.56 g (0.02 mol) CH,-
S-CoM (sodium s a l t ) in water. The solution was freeze-dried for 48 h, 
and the residue was then st irred for 2 h with dry ethyl acetate to 
dissolve free sulfonic acid (DUSCH-CH^O-H). The undissolved material 
was removed by f i l t r a t i o n , and an ethereal solution of diazomethane 
was added slowly at 0 С u n t i l the yellow color persisted. After 2 h at 
room temperature, the solution was flushed with nitrogen ( to remove 
the excess of diazomethane), diluted with ether, washed with water, 
and dried over MgSO. at 0oC. The product i t s e l f was unstable, but i t 
could be stored in di luted solutions in ether at -80oC for 1-2 days. 
73 
This product is a strong methylating agent and, when heated in 
solution or without solvent, undergoes a methyl transfer, leading to 
(CH3)2"S+-CoM. Similarly, methyl (methylthiojarenesulfonates were 
found to give a methyl transfer to a sulfonium salt (Tenud et a l . , 
1970). The structure of the product was confirmed by 'H-NMR 
analysis. Because of its instability,no elemental analysis could be 
made. For biological experiments a solution of the product was 
evaporated quickly to dryness at 0oC and used inmediately. Methyl 
2-(acetylthio)ethanesulfonate (CHjCOSCI^ CHjSO-CHj) was prepared from 
CH3C0-S-CoM in a way similar to the way described above for methyl 
2-(methylthio)ethanesulfonate. A dried ethereal solution of the crude 
product was evaporated to dryness and applied to a Fluorasil column 
equilibrated with benzene. Elution was performed with benzene, 
chloroform and ether. The product obtained was stable at room 
temperature and pure according to its 'H-NMR spectrum. An elemental 
analysis has not been made. For biological experiments, traces of 
chloroform were removed by dissolving the product in ether and sub-
sequent evaporation to dryness. This operation was repeated several 
times. All other chemicals were obtained from Merck AG, Darmstadt, 
Germany, and were of analytical grade. Gases were obtained from Hoek 
Loos, Schiedam, the Netherlands. To remove traces of oxygen, the gases 
which contained hydrogen were passed over a catalyst (BASF RO-20) at 
room temperature, and those devoid of hydrogen were passed over a pre-
reduced catalyst (BASF R3-11) at 150oC. 
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RESULTS 
Methanogeneais by extracts of M. barkeri 
Cell-free extracts prepared from cells grown on H^/COp, methanol 
or acetate produced methane when incubated with 80% hydrogen and 20% 
carbon dioxide or with methanol in the presence of either H- or Np. 
Conversion of acetate to methane could not be obtained in these 
extracts. Dialysis of the extracts reduced the levels of activity to 
about one-half of the levels found with crude extracts, but this 
procedure was used routinely to reduce interference by residual and 
endogenous substrates. The dialyzed extracts were most active when 
the substrate was methanol in the presence of hydrogen (200 to 500 
nmol CH. produced/mg protein/mg protein/h). The rate of methane 
formation was approximately 50% lower when the substrate was either 
methanol in the presence of nitrogen or H-ZCO«, and the rate decreased 
after 2 h. Methane production was approximately linearly proportional 
to protein concentration over a broad range tested up to 15 mg/ml, 
but at low protein concentrations (less than 5 mg/ml), a relatively 
small specific activity was observed. This activity was stimulated by 
increasing the pressure of the gases used (Fig. 1). This stimulation 
was probably due to higher concentrations of dissolved gaseous 
substrates (especially hydrogen) for the enzymic system. The optimal 
concentration for methanol was 50-70 mM. 
Methane production from CO- or methanol was optimal when the pH of 
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Fig. 1. Effect of part ia l pressure of gases on methane formation by 
dialyzed extracts of M. Ъаткегі. 
The reaction components and conditions used were as described in the 
t e x t , except for the gas phase (the gas phase was at a pressure of 2 
atm and i t s composition was changed); 5 mM HS-CoM was present in the 
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incubation mixture. The activities were compared with the amount of 
methane (360 nmol CH./h/mg of protein) produced in the presence of 
H2/C02 (80:20 v/v) at a pressure of 2 atm, which was taken as \00% 
activity. 
Symbols: (a) H- pressure was varied between 0 and 1.6 atm in the 
presence of a constant pressure of C02 (0.4 atm); (·) CO2 pressure 
was varied between 0 and 0.4 atm in the presence of a constant 
pressure of H 2 (1.6 atm); (•) pressure of H2/C02 (80:20 v/v) was 
varied; (o) methanol (50 mM) was used as substrate and hydrogen 
pressure was varied between 0 and 1.6 atm. In all instances N 2 was 
supplied to pressurize to 2 atm. 
mixture was incubated in the presence of B0% hydrogen and 20% carbon 
dioxide at a pressure of 2 atm. 
Methane was not formed in the absence of ATP; its production was 
optimal at a concentration of 8 mM ATP, with half-maximal activity 
at 1 mM ATP.Mg +-ions stimulated methane formation optimally at a 
concentration 2- to 4-fold higher than the concentration of ATP. OTT 
(2 mM) did not affect the initial reaction rate and was used as a 
reducing agent. 
HS-CoM stimulated methane production from methanol and 80% 
hydrogen-20% carbon dioxide when it was present at a concentration 
between 0.5 and 6 mM, and half-maximal activity was observed at 0.2 mM 
HS-CoM. The reactions were completely inhibited by 100 mM HS-CoM. 
Stoichiometry of methanol conversion 
Methanol was converted stoichiometrically to methane and carbon 
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Table 2. Stoichiometry of methanol conversion in the presence of 
nitrogen . 
Amt of methanol Ant (ymol) of the following Ratio 
added (ymol) compounds present after 5h CH4 to CO, 
methanol CH 
2 -c 1.35 0.43 3.1 
4 -c 2.38 0.78 3.0 
8 4.2 2.62 0.90 2.9 
10 6.5 2.42 0.86 2.8 
a
 Incubations were performed with a dialyzed cell-free extract of 
M. barkeri grown with methanol as described in the text; 3 mM HS-
CoM was present in the incubation mixture. 
No methane or carbon dioxide was formed in the absence of methanol. 
c
 Methanol concentration was below the limit of detection (0.4 pmol). 
dioxide, which were produced in a ratio of 3:1 (Table 2). This ratio 
remained constant in tests with different initial concentrations of 
methanol and also during the period of decreasing activity which 
occured after 2 h. In the presence of hydrogen, methanol was converted 
completely to methane, and carbon dioxide could not be detected at any 
time during the incubation. 
Effecte of CoM-derivatives on methanogenesis by dialyzed extracts 
CHg-S-CoM, but not HS-CoM, stimulates the reduction of carbon 
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C0o 
Table 3. Effects of CoM-derivati ves on methanogenesis by extracts of 
M. barkeri. 
CoM-derivati ve Cone Methane production* (nmol/mg protein/h) 
(mM) with the following substrates 


































































Dialyzed extracts were tested as described in the text. Similar 
results were obtained with extracts obtained from cells grown with 
either CO^, acetate, or methanol as the carbon source. 
- = not tested. 
n.d. = not detectable; specific activity less than 0.5 nmol CH./mg 
protein/h. 
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Fig. 2. Effect of QU-S-CoM and CgHjCHj-S-CoM on methane formation by 
dialyzed extracts of M. barkeri in the presence of 5 mM HS-CoM. 
The tests were performed as described in the text. Methane was 
produced from H-ZCCL (80:20 v/v) (closed symbols) or methanol in the 
presence of hydrogen (open symbols). The concentrations of CH^-S-CoM 
(α,Β ) or CgHgCHp-S-CoM (O,· ) were varied; the amounts of methane 
formed in the absence of these compounds were 320 (C02 as substrate) 
and 500 (methanol as substrate) nmol/h/mg of protein. 
dioxide to methane in undialyzed and dialyzed extracts of M. thermo-
autotrophicum (Gunsalus and Wolfe, 1977; Romesser, 1978). Dialyzed 
extracts of M. barkeri react in a different way. In contrast, HS-CoM 
stimulated methane production from both CO- and methanol in dialyzed 
extracts of w. barkeri (Table 3). Some CoM-derivati ves ((S-CoM)^ , 
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formylcoenzyme M (HCO-S-CoM) and acetyl coenzyme M (CH-CO-S-CoM)) re-
placed HS-CoM both in crude cel l - f ree (data not shown) and dialyzed 
extracts, but CH3-S-CoM was inactive and annulled the stimulatory 
effect exerted by HS-CoM (Table 3 and Fig. 2). With methanol and 
carbon dioxide as substrates, the stimulation by HS-CoM was reduced 
to a half-optimal value by 0.06- and 0.7-fold molar concentration of 
CHg-S-CoM, respectively. CH3-S-CoM was prepared from 2-bromoethane-
sulfonate, a potent inh ib i tor of methanogenesis when i t is present at 
a 0.01-fold molar level compared to CH3-S-CoM (Gunsalus et a l . , 
1976); thus, the inhib i tory effect of CH3-S-CoM might be due to 
residual traces of the halogen-derivative in the CH3-S-CoM sample. 
However, such traces could not be detected in the twice-crystallyzed 
preparation by various chromatographic, electrophoretic and isotacho-
phoretic techniques (data not shown) . Moreover, our sample of CH..-
S-CoM was active in the M. thevmoautotrophiaum system, and a sample 
obtained from another source (g i f t from Dr. R.S. Wolfe, Department of 
Microbiology, University of I l l i n o i s , Urbana) gave the same results 
in the M. barken system. These results indicate that CH3-S-CoM had 
to be activated in order to be reactive in methane formation by 
extracts of M. barkeri, and i t is possible that another methylated 
form of HS-CoM or CHj-S-CoM was involved. Therefore, we tested the 
sulfonium der ivat ive, (CH^-S -CcM, and the methyl sulfonate esters 
of CH3-S-CoM and CH3C0-S-CoM. Both methyl esters were unstable in 
water, and even when tested at low concentrations (0.36 mM), they 
strongly inhibited methanogenesis, probably due to methylation and 
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denaturation of essential proteins. In view of these results, no tests 
were performed with the methyl esters of HS-CoM and HCO-S-CoM. The 
sulfonium derivative inhibited methanogenesis (Table 3) in accordance 
with the results of Taylor and Wolfe (1974a). The inhibition was less 
(80% residual activity) when HS-CoM was present in an equimolar 
concentration (5 mM). Benzylthio-ethanesulfonate (CgHgCH -^S-CoM) 
inhibited methanogenesis from all substrates tested and reduced the 
stimulatory effect of HS-CoM on methane formation from carbon dioxide 
and methanol to half-optimal values at concentrations 0.20 and 
0.05 times, respectively, the concentration of HS-CoM (Fig. 2). None 
of the CoM-derivati ves listed in Table 3 could be reduced to methane 
by the dialyzed extracts of M. barken under the conditions used. 
Moreover, CgHgCHp-S-CoM was not reduced or hydrolyzed to HS-CoM, 
methylmercaptan, benzylmercaptan, or toluene, and CH3-S-CoM was not 
hydrolyzed to methanol and HS-CoM. 
Conversion of CoM-derivativee by extracta 
The stimulating effects exerted by the acyl-derivatives of HS-CoM 
and its oxidized form on methanogenesis (Table 3) might have been due 
to conversion of these compounds into HS-CoM by components of the 
incubation mixture. HCO-S-CoM is rapidly hydrolyzed to formic acid 
and HS-CoM under acidic and alkaline conditions (Table 4 ) . Under 
neutral conditions hydrolysis slowed down. In the presence of 
extracts, HCO-S-CoM was rapidly and completely converted to formic acid 
and HS-CoM, as shown by the El Iman test (1958) for mercaptans and the 
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Rate of hydrolysis0 
very high 
25% in 15 mind 
T, = 12 min 
Τ, = 2 min 
very high 
no hydrolysis (2 h) 
Tj = 10 h 
Τ, = 40 min 
QU-S-CoM was stable toward hydrolysis for 24 h under all 
conditions tested. 
CoM-derivati ves were dissolved in DjO and investigated at 37° and 
65° under neutral (0.125 M TES, pH 7.2), acidic (1 N HCl) and 
alkaline (1 N NaOH) conditions by using 'H-NMR spectroscopy. 
The indications used were as follows: very high (instantaneous 
hydrolysis), half-lives (T,) for reactions with pseudo first order 
kinetics; percentage of compound hydrolyzed within a certain period 
for reactions with aberrant kinetics; or the period of time (in 
parentheses) over which no hydrolysis was observed. 
Unless otherwise indicated,the products formed were HS-CoM and 
either formic acid or acetic acid. 
Besides formic acid and HS-CoM, a third product was present 
according to the 'H-NMR spectra; this product has one singlet 
absorption at 0.12 ppm downfield from the singlet from formic acid, 
and it could not be identified, as the ABCD pattern of CH? 
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units was too complex to be interpreted. The overall reaction of 
hydrolysis slowed down after about 15 min. 
formate dehydrogenase test for formic acid. QUCO-S-CoM was rather 
stable to chemical hydrolysis, but in the presence of extract and 
under the conditions described above about 30% was hydrolyzed to 
acetate and HS-CoM within 30 min, as shown by the Ellman test (1958) 
and a gaschromatographic analysis of acetate formed. These results 
demonstrated that the stimulating effects of CH3C0-S-CoM,and probably 
also HCO-S-CoM, were due to enzymatic hydrolysis of these compounds 
to HS-CoM. (S-CoMJg was completely converted to HS-CoM within 30 min 
under the conditions used for methane formation in the presence of 
hydrogen. The stimulating effect of (S-CoMJp on methane formation in 
the presence of hydrogen (Table 3) was probably due to its enzymatic 
reduction to HS-CoM. 
DISCUSSION 
Cell-free extracts of M. barkeri produce methane from f^/COp, or 
from methanol in the presence of either H- or N-. In the presence of 
N-, methanol is converted according to following reaction: 
4 CHjOH — 3 CH4 + C02 + 2H20 
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Sirice this reaction proceeds even in dialyzed extracts, the coenzymes 
involved in the reduction and oxidation steps apparently are firmly 
bound to compounds of high molecular weight or are present in the 
crude extracts in abundant amounts. This does not hold true for ATP, 
2+ Mg and CoM-derivatives, which must be added for optimal activity. 
Since we observed only minor differences among the reaction systems 
as to activity, cofactor requirements and sensitivities to inhibitors, 
the reactions for the reduction of CO- and methanol appear to be 
determined by some comnon and probably rate-limiting steps. 
The effects exerted by CoM-derivatives deserve further attention 
here. QU-S-CoM can be reduced to HS-CoM and methane by cell-free 
extracts of various methanogenic bacteria (Balch et al., 1979; 
Gunsalus et al., 1976; Gunsalus et al., 1978; Gunsalus and Wolfe, 
1977; McBride and Wolfe, 1971; Taylor and Wolfe, 1974a). CHj-S-CoM 
replaces the growth requirement for HS-CoM in M. ruminantium strain Ml, 
is transported as easily as HS-CoM, and is one of the major forms of 
coenzyme M found in cells after transport of HS-CoM or CH.-S-CoM 
(Balch and Wolfe, 1979b). 
Recently Shapiro and Wolfe (1980) demonstrated the formation of 
CH,-S-CoM from methanol and the reduction of CH3-S-CoM with hydrogen 
in crude cell-free extracts of M. barkeri. Therefore, the role of 
CHj-S-CoM as a precursor of methane formation and as a physiologically 
active derivative of HS-CoM seems well proven. Moreover, CH3-S-CoM 
exerts an effect, the RPG effect, which is not shown by HS-CoM; this 
effect involves stimulating the CO- reduction to methane, which 
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indicates that the methyl reductase reaction is coupled to the 
activation of CÖ2 (Gunsalus and Wolfe, 1977; Wolfe and Higgins, 1979). 
This effect was observed with M. thermoautotrophiaum, M. bryantii and 
M. hungatei and to a lesser extent with M. bryantii strain M.o.H.G., 
¡fethanobacterium formiciaum and M. ruminantium, but not with M. 
barkeri (Romesser et al., 1977; Romesser, 1978). 
Whereas CH3-S-CoM is most active in extracts of other methanogens, 
dialyzed cell-free extracts of M. barkeri use HS-CoM in the conversion 
of COp and methanol to methane, and QU-S-CoM abolishes the 
stimulating effect of HS-CoM. The inability of CH.-S-CoM to act as a 
precursor of methane in dialyzed extracts of M. barkeri and its 
inability to stimulate the conversion of CO- and methanol to methane 
indicate that CHjS-CoM is not readily converted to HS-CoM. This could 
be due to lack of a coenzyme or a cofactor in the dialyzed extract; 
such factors were probably present in the undialyzed extracts of M. 
barkeri which converted CH3-S-CoM to methane (Shapiro and Wolfe, 1980). 
We considered the possible role of other methylated intermediates, 
with negative results. Activation of CH-j-S-CoM in methanogenesis by 
M. barkeri may involve as yet-unknown CoM-derivati ves which were 
reported in previous studies. In transport studies with H 35S-labeled 
CoM, cells of M. ruminantium accumulated the label mainly as a heter-
odisulfide of unknown composition (Balch and Wolfe 1979b). Moreover, 
in studies on the short-term fixation products of 1 4C0 2 and ^ΟΗ,ΟΗ 
in whole cells of M. barkeri, Daniels and Zeikus (1978) observed 
1Ц
СН3-5-СоМ and an unknown compound which was designated Ο,-Χ-Τ. This 
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compound was also found in studies with Methanobrevibacter emithii 
and M. thermoautotrophioum; in the l a t te r case i t was the most 
strongly labeled compound found. I ts relat ionship to CoM-derivati ves 
was evident, since i t was also labeled in 35S incorporation studies 
and i t was active as a growth factor of M. ruminantium. 
CH3C0-S-CoM and HCO-S-CoM stimulated methane formation in M. 
bavkeri. These compounds are not substrates for methanogenesis, as 
reported by Romesser (1978). The stimulating effects are probably due 
to enzymatic conversions of these acyl derivatives to HS-CoM. Simi lar 
conversions may account for the fact that these compounds are as 
effective as HS-CoM for growth of u. ruminantium (Balch and Wolfe, 
1979a). CH3C0-S-CoM is transported as easi ly as HS-CoM by ce l ls of 
this organism (Balch and Wolfe, 1979b). The stimulating ef fect of 
(S-CoMU can be explained by the presence of (S-CoM)- reductase, which 
has been found in various methanogens (Gunsalus et a l . , 1976; Gunsalus 
et a l . , 1978). Although the reduction of (S-CoM)2 can also occur wi th 
chemical reductants, l i ke DTT, which was present in our test system, 
i t s reduction is most probably enzymatic in nature, since the amount 
of DTT applied was much lower than the amount required for substantial 
chemical reduction (Balch and Wolfe, 1979b) and since (S-CoM)« can 
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CHAPTER 6 
rCTHANE FORMATION BY CELL-FREE EXTRACTS OF 
METHANOBACTERIUM THERMOAUTOTROPHICUM: 
A COMPARISON WITH THE RESULTS OBTAINED WITH 
METHANOSARCIM BABXERI 
INTRODUCTION 
Methanogens contain large amounts of cobalamins (Blaylock and 
Stadtman, 1964; Krzycki and Zeikus, 1980), a deazaflavin F.2 0 (E i r ich 
et a l . , 1978), coenzyme M (Balch and Wolfe, 1979) and a number of 
other yet unidentif ied cofactors, which may be unique (Keltjens and 
Vogels, 1981). However, many phenotypic differences exist among 
methanogens and the organism studied in th is Chapter, mthanobaaterium 
thermoautotrcrphicim, d i f f e r s strongly from Methanoearaina barkeri, 
which was studied in the other Chapters (Table 1). 
Recently we showed (Hutten et a l . , 1981) that methane production 
from CO- and CH^ OH in M. Ъаткегі was stimulated by HS-CoM and not by 
CH-jS-CoM. The l a t t e r compound stimulated the reduction of CO- by H? 
in M. thermoautotrophicum (Gunsalus and Wolfe, 1977). The st imulating 
effect of CHjS-CoM on the CO- reduction was not detectable in M. 
barkeri (Romesser, 1978). 
In this chapter we report on the differences observed in the 
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Table 1. Comparison of M. thermautotrophicum and M. barkeri (see 
Balch et al., 1979). 
Subject of comparison 
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methane formation from C0 2 by cell-free extracts of AT. thermoauto-
trophiaum and M. barkeri. 
MATERIALS AND METHODS 
Огдапгвт and growth conditions 
M. thermoautotrophiown strain ΔΗ and M. barkeri strain MS were 
kindly provided by R.S. Wolfe, Department of Microbiology, University 
of Illinois, Urbana, U.S.A. M. thermoautotrophiaum was cultured as 
described by Doddema et al. (1978), and M. barkeri was grown on H-/ 
C0 2, methanol, or acetate as described by Hutten et al. (1981). Cells 
were harvested with a Sharpies continuous centrifuge operating in a 
N 2 gas phase. Cells were kept frozen at -80
0C under a H- gas phase, 
until used. 
Preparation of cell-free extracts 
The procedure of Hutten et al. (1981) was used. Extracts were 
prepared in 120 mM TES buffer, pH 7.2, containing 15 mM MgCL· and 2 
mM dithiotreitol (DTT), if indicated. The presence of residual 
methanol or acetate in cell-free extracts was examined by gas 
chromatography (Hutten et al., 1980). Dialysis against 50 mM TES 
buffer, pH 7.2, containing 15 mM MgCU, was done as described before 
(Hutten et al., 1981). 
95 
Assai/ for methane formation 
Incubations were performed in 10-ml bot t les, closed with black 
butyl rubber stoppers and crimped aluminium seal caps. The assay 
mixture (0.5 ml) for ce l l - f ree extracts of M. barkeri contained 120 
mM TES buffer, pH 7.2, 7.5 tnM ATP, 30 mM MgCl-, 5 mM CoM-derivative, 
about 10 mg protein, 2 mM DTT, i f indicated, and as gas phase H- or 
H2/C02 (80:20 v/v) at a pressure of 200 kPa 
The assay mixture (1 ml) for cel l - f ree extracts of M. themoauto-
tTophicim contained 100 mM TES buffer, pH 7.2, 20 mM MgCl-, 4 or 15 mM 
ATP, 3 mM CoM-derivative, about 7 mg protein and a gas phase of Hg or 
H2/C02 (80:20, v/v) at a pressure of 200 kPa. 
Anaerobic conditions were obtained by three cycles of evacuation and 
gassing before the extract was injected to the reaction mixture. The 
cycle was repeated once af ter the addition of extract. Incubation 
temperatures were 370C and 60oC for M. barkeri and M. thermoauto-
tropMaum, respectively. 
Analyses 
Methane, methanol and acetate were determined as described before 
(Hutten et al., 1981). Purity of CoM-derivati ves was checked by iso-
tachophoresis as described by Hermans et al. (1980). 
Protein was determined according to Lowry et al. (1951) with bovine 
serum albumine as standard. 
Chemioals 
96 
HS-CoM (HSCH2CH2S03") and CHjS-CoM (CH3SCH2CH2S03") were gifts 
from R.S. Wolfe, Urbana, Illinois, U.S.A. These chemicals were also 
prepared as described by Hutten et al. (1981). CH20HS-CoM and 
CHjCHOHS-CoM were synthesized according to Romesser (1978) from HS-
CoM and formaldehyde or acetaldehyde, respectively. Gases were 
obtained from Hoek Loos, Schiedam, Holland. 
The gases which contained H- were passed over a catalyst (BASF RO-20) 
at room temperature and those devoid of H- over a prereduced catalyst 
(BASF R3-11) at 150oC. All other chemicals were obtained from Merck, 
Darmstadt, Germany. 
RESULTS 
Methanogenesis by cell-free extracts of M. thermoautotvopkioum 
The effect of HS-CoM and CHgS-CoM on methanogenesis from CO- by 
crude cell-free extracts of M. thermoautotropMcum is presented in 
Fig. 1. Methane formation was stimulated from 35 to 230 nmol.h" .mg 
protein" by the addition of 3 mM CH,S-CoM. The latter compound was 
reduced by H2 at a somewhat lower rate (100 nmol.h" .mg ). The 
stimulating effect of CH,S-CoM on the methane formation from CO- was 
apparent from the experiments in which CH3S-CoM was added pulse-wise 
(Fig. IB). The amounts of methane (mol) produced per mol of CH-S-CoM 
varied between 15 and 35, depending on the amounts of CH-S-CoM added. 
These results confirm those reported previously and described as the 
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СН^ produced [μmol) 
30 60 90 120 60 90 120 
Time (min) 
Fig. 1. Methane production by crude cell-free extracts of M. thermo-
autotrophicum. 
Reaction components and conditions were as described in Materials and 
Methods. The amount of protein was 10.5 mg. 
A. 3 mM CH3S-CoM was tested in the presence of H2/C02 (80:20, v/v) 
(O) or H2 ( · ) . Moreover, the following components were tested in the 
presence of H2/C02 (80:20, v/v): no additions (O); 3 mM HS-CoM (Δ); 
3 mM HS-CoM and 3 mM CH3S-CoM (A). The addition of 3 mM HS-CoM at 
the times indicated by the arrows did not influence the course of 
methane production. 
B. CH,S-CoM was added at the times indicated by the arrows in amounts 
of 20 nmol ( · ) or 100 nmol (O), each time, H2/C02 (80:20, v/v) was 
used as the gas phase. 
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RPG effect in M. thermoautotrophioum (Gunsalus and Wolfe, 1977). The 
stimulating effect was the same in the presence of either 4 or 15 mM 
ATP (data not shown). The stimulating effect was not produced by HS-
CoM (Fig. 1A), which even inhibited methane production when present at 
the start of the experiment. This inhibition was not observed when 
methanogenesis had proceeded for a while. The coenzyme M derivatives of 
the two sources given in Materials and Methods produced the same 
results. Similar results were obtained when (S-CoM)2 was used instead 
of HS-CoM. Dialyzed extracts of W. thermoautotvophicum reduced CH3S-
CoM, but not CO-· The dialysis resulted probably in the removal of an 
essential cofactor particularly involved in CO- reduction. 
Methanogenesis by aell-free extracts of M. barkeri 
As reported before (Hutten et al., 1981) crude cell-free extracts 
of M. barkeri, obtained from cells grown on different energy and carbon 
sources, behaved qualitatively the same as dialyzed extracts obtained 
from them (Fig. 2 and 3), but dialysis eliminates interference of 
residual substrates. HS-CoM was the sole stimulating CoM-derivative 
(Fig. 2 and 3) in the reduction of CO-· The stimulation of HS-CoM was 
annulled by CH3S-CoM added either at the start of or during methane 
production by extracts of cells grown on various substrates (Fig. 3). 
The same phenomenon was observed for methane production from CH-OH in 
the presence of either H- or N- (Hutten et al., 1981). The stimulating 
effect was also obtained with (S-CoM)-, incubated under H? as gas 
phase, but not with coenzyme A, dithiothreitol, thioglycolate or 
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СН^ produced (μπ\ο[) 
30 60 90 120 30 60 90 120 
Time (min) 
Fig. 2. Methane production by crude and dialyzed extracts of M. 
barkeri, grown on methanol or acetate. 
Reaction components were as described in Materials and Methods. The 
effect of CoM-derivati ves (3 mM) was tested under a H-ZCO- (80:20, 
v/v) gas phase. 
A. Crude extracts (9 mg protein, closed symbols) or dialyzed extracts 
(7.5 mg protein, open symbols), obtained from the same batch of cells 
grown on methanol, were tested. The CoM-derivati ves used were: HS-CoM 
(•,Ο); CH3S-CoM (•, Q) and none (Α, Δ ) . 
B. Crude extracts (13 mg protein, closed symbols) or dialyzed extracts 
(7.5 mg protein, open symbols), obtained from the same batch of cells 
grown on acetate, were tested. The CoM-derivati ves used, were: HS-CoM 
( · , O ) ; CH,S-CoM (•, •) and none (Α, Δ ) . 
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0 1 2 3 1» 
Time (h) 
Fig. 3. Methane production by dialyzed extracts of M. barkeri on 
н2/со2. 
Reaction components were as described in Materials and Methods. 
Reaction mixtures contained 8.5 mg protein, 3 mM CoM-derivative, 
unless otherwise indicated, and H-ZCO- (80:20, v/v) as the gas phase. 
The CoM-derivati ves tested were: CH3S-CoM ( D ) ; HS-COM ( O ) ; HS-COM 
and CH3S-CoM (O); none ( Δ ) . 
glutathione. These compounds did not change the effects of HS-CoM, 
(S-CoM)2 or CH3S-CoM. 
Both the stimulating effect of HS-CoM and the suppression of this 
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effect by CHjS-CoM depended on the concentration of the compounds 
applied (Fig. 3 ) , but not on the source of these compounds (see 
Materials and Methods). In contrast to the results obtained with 
M. thermoautotrophicum CH,S-CoM did not stimulate CO- reduction in 
M. barkeri, in accordance to the results of Gunsalus and Wolfe (1978). 
The effect of other CoM-derivatives in methanogenesis 
Previously i t was shown that HCOS-CoM is no intermediate in 
methanogenesis, but this compound is hydrolyzed very rapidly to 
formate and HS-CoM by extracts of M. barken (Hutten et a l . , 1981), 
but formate is not used as a substrate for methanogenesis. 
Romesser (1978) showed that formaldehyde and CH-OHS-CoM, which is 
readily formed from formaldehyde and HS-CoM, were reduced to CH. by 
extracts of M. thermoautotrophicum. Acetyldehyde and CH3CH0HS-CoM 
were not used as substrates for methanogenesis. These results were 
confirmed by us for both organisms (Table 2) . Whole cells of M. 
barkeri and Af. thermoautotraphicum do not grow on formaldehyde, but 
extracts of both organisms reduce formaldehyde/HS-CoM or QLOHS-CoM. 
However, formaldehyde or CH-OHS-CoM were not detectable during the 
conversion of CH30H to CH^  and CO- in cell-free extracts of W. barkeri 
and during the reduction of CO« to CH. in cell-free extracts of both 
organisms. 
Effect of bromoethanesulfonic acid (BrCH CHJ50J~) 
Bromoethanesulfonic acid is a strong inhibitor of the reduction of 
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Reaction mixture contained the amounts of TES buffer, ATP and MgClj 
as indicated in Materials and Methods, together with 6 mg protein 
and the indicated additions. H ? was supplied as gas phase. 
The reaction mixture of M. thevmoautotrophiovm contains the same 
components at the same concentration as described for 
not measured. 
methanol and CO- to CH. in dialyzed ce 11-free extracts of M. barkerí. 
(Fig. 4). Gunsalus et al. (1978) reported that in M. thermoautotro-
phiaum the reduction rate of CH S-CoM is decreased 50% at a 0.02-fold 
concentration of bromoethanesulfonic acid as compared to CH,S-CoM. 
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Fig. 4. Effect of bromoethanesulfonic acid on methane production from 
H-ZCO- and methanol by dialyzed extracts of /f. barkeri. 
Reaction components were as described in Materials and Methods. 
Bromoethanesulfonic acid (antagonist. A) was applied in a concen-
-7 -3 trati on range from 10 to 10 M in the presence of 5 mM HS-CoM 
(substrate, S); tests were performed with a reaction mixture con­
taining 50 ml-1 methanol and H, as gas phase (spec, activity 460 nmol 
-1 -1 CH-.h .mg protein) (·) or with a reaction mixture under a H./CO-
gas phase (specific activity 200 nmol CH-.h" .mg" protein), (A). 
DISCUSSION 
Part of the results described in this Chapter are sumnarized in 
Table 3, which reveals the contrasting effects of HS-CoM and CH-jS-CoM 
on the extracts of the methanogenic organisms studied here. 
Cells of M. barkeri and M. thermoautotrophicum do not use formate 
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Table 3. Substrates used for methanogenesis by cell-free extracts and 



















The stimulating effect of CH.S-Cofl on methanogenesis from H-ZCO« 
(15 to 35 mol CH. are formed per mol ОЦЗ-СоМ added) is known as 
the RPG effect (Gunsalus et al., 1978). 
If added at the start of the reaction. 
or formaldehyde for methanogenesis. The CoM-derivati ves of these 
compounds behaved in a different way in cell-free extracts of these 
organisms. HCOS-CoM is hydrolyzed to formate and HS-CoM by extracts 
of M. barkeri (Hutten et al., 1981) and by extracts of M. thermo-
autotrophiouw (Romesser, 1978), but no methane is formed from it. 
CH20HS-CoM is formed rapidly from HS-CoM and formaldehyde (Romesser, 
1978). Both CH20HS-CoM and formaldehyde/HS-CoM are used by extracts 
of the methanogens studied if H 2 is present. However, CH-OHS-CoM or 
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formaldehyde and HS-CoM were not detectable during methanogenesis 
from C0_ (both organisms) or methanol [M. barkeri). These results 
may indicate that CH.OHS-CoM, but not HCOS-CoM, is an intermediate 
in the reduction of CCL to CH., possible due to aspecificity of 
methyl coenzyme M methyl reductase. 
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EFFECT OF COBALAMINS ON METHANE PRODUCTION FROM C 0 2 , CH3OH AND 
CH3S-COM BY CELL-FREE EXTRACTS OF METHANOSARCINA BARKERI 
INTRODUCTION 
The role of cobalamins in the metabolism of methanogem'c bacteria 
is still a puzzling question. 
Blaylock and Stadtman (1963; 1964) first reported the formation of 
methane from methylcobalami η in crude extracts of Methanoaarcina 
barkeri; a similar reaction was reported to be ATP- and H^-dependent 
in extracts of Methanobaaterium отеИапакгг (Wolin et al., 1963; Wood 
and Wolfe, 1966). However, later studies revealed that M. omelianskii 
was a mixture of two organisms: NethanobacteHum bryantii and the 
nonmethanogenic S organism (Bryant et al., 1967). 
Extracts of M. barkeri converted methanol to CHj-B,- and CH-j-B,- t 0 
2+ 
methane. The first reaction required the presence of ATP, Mg , H2, 
ferredoxin, a corrinoid protein, an unknown protein and a heat stable 
cofactor. When one of the proteins was omitted, methane production 
from methanol was lost (Blaylock and Stadtman, 1966; Вlaylock, 1968). 
Methane formation from CO-, methanol and methyl cobalami η by crude 
extracts of M. barkeri is inhibited in an irreversible way by the 
intrinsic factor, a glycoprotein reacting with corrinoids (Blaylock 
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and Stadtman, 1966; Stadtman and Вlaylock, 1966). Even a 300- to 
800-fold excess of methylcobalamins as compared to the binding 
capacity of the intrinsic factor did not restore methanogenesis. 
Typical competitive inhibitors of cobalamin-mediated alkyltransfers, 
like 1-iodopropane, inhibited methane formation by extracts from 
different sources (Wood and Wolfe, 1966c); McBride and Wolfe, 1971b). 
Recently Gunsalus et al. (1978) demonstrated that 1-iodopropane and 
chloroform inhibit the methyl reductases of M. bryantii and Methano-
baoterium thermoautotrophiaum. 
Methylarsine and methyl selenide were formed from methylcobalami η by 
extracts and whole cells of M. bryantii (McBride and Wolfe, 1971b) and 
a similar methylation of arsenate, selenite and tellurite was observed 
in studies with extracts of M. thermoautotrophiaum (Gunsalus et al., 
1978). 
The identification of methyl coenzyme M (CHjS-CoM; CH 3SCH 2CH 2S0 3"), 
as the coenzyme involved in the final reduction step of methanogenesis 
(McBride and Wolfe, 1971a; Taylor and Wolfe, 1974; Gunsalus and Wolfe, 
1978; 1980; Ellefson and Wolfe, 1980a,b; Shapiro and Wolfe, 1980; 
Hermans et al., 1980) appeared to exclude a role of methylcobalami η in 
methanogenesis, and Wolfe and Higgins (1979) concluded that this 
compound may simply play the role of a nonspecific methylation agent. 
CHjS-CoM does not serve as a methyl donor for the methylation of 
arsenate, selenite or tellurite. In fact, these compounds block the 
demethylation of CH3S-CoM for the period needed for the reduction of 
these anions. This may indicate that the reducing power is 
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preferentially used in the reduction of these anions. 
However, various reports prove the presence of rather large 
quantities of cobalamins in methanogenic bacteria: up to 0.65 mg/mg 
wet cells (Blaylock and Stadtman, 1966; Stadtman and Blaylock, 1966; 
Krzycki and Zeikus, 1980; Keltjens, personal comuni cation). The 
cobalamins present appear to differ from those normally found in 
nature by the presence of 5-hydroxybenzimidazole as α-axial ligand of 
cobalt. This cobalamin form is called Factor III (5-hydroxybenzimida-
zolylcobamide). Recent results of Pol and Gage (Department of Micro­
biology, Nijmegen, unpublished results) indicate that Factor Ill-
derivatives are the only cobalamins which occur in M. barkeri. This 
specific ligandation of the Co-atom may be the clue in the explanation 
of the function of cobalamins in methanogens. Due to the lack of 
sufficient amounts of Factor III, a-5,6-dimethylbenzimidazolylco-
bamides, here further indicated as cobalamins, are used in this 
Chapter and their effects on methanogenesis are studied. 
MATERIALS AND METHODS 
Organism and growth оопаіЫапв 
Methanosarcina barkeri, strain MS, was provided by R.S. Wolfe, 
Department of Microbiology, University of Illinois, Urbana, U.S.A. 
M. barkeri was grown on Hg/CO-, methanol or acetate, and was stored 
as described by Hutten et al. (1981). 
Préparation of oeil extract 
This was done as described by Hutten et al. (1981). Extracts were 
prepared in 120 mMTES buffer, pH 7.2, containing 15 mM MgCU. Di-
thiothreitol was not added to the extracts or during dialysis which 
was performed against a 100-fold volume of 50 mM TES buffer, pH 7.2, 
containing 15 mM MgClg. 
Assay for methane formation 
All handling was done in the same manner and the conditions were 
as described before (Hutten et al., 1981). The assay mixture (0.5 ml) 
contained 120 mM TES buffer, pH 6.8, 7.5 ITW ATP, 30 mM MgCl., 
cobalamins and CoM-derivati ves as indicated, about 10 mg protein, and 
a gas phase of N 2, H2 or H2/C02 (80:20 v/v) at 150 kPa. When methanol 
was the substrate for methanogenesis, 100 mM ΟΗ,ΟΗ was added. 
Methanogenesis from CH 3-B 1 2 was tested in the dark to prevent 
photolytic production of methane. 
Analysea 
Methane, methanol and acetate were determined as described before 
(Hutten et al., 1980, 1981). 
Purity of CoM-derivati ves and the concentration of them were 
checked by isotachophoresis (Hermans et al., 1980), and by testing 
the stimulating effect of CH3S-CoM on methane production from H./CO-
in extracts of M. thermoautotrophioum. 
Absorption spectra of extracts were recorded under anaerobic 
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conditions with a Cary 118 spectrophotometer af ter anaerobic d i l u t i o n 
of 0.1 ml reaction mixture with 2 ml oxygen-free water. 
Protein was determined according to Lowry et a l . (1951), using 
bovine serum albumin as standard. 
ChemLoals 
CoM-derivatives were prepared as described before (Hutten et al., 
1981). 
Methylcobalamin (ΟΗ,-Β^) was synthesized and purified according 
2+ to Müller and Müller (1962). Reduced cobalamins (B,?.. containing Co , 
and B,2S containing Co ) were prepared from aquocobalamin (HO-B,-) as 
described by Dolphin (1971) by the use of NaBH4 or Pd/C under H 2 as a 
gas phase. 
All other chemicals and cobalamins were obtained from Merck, 
Darmstadt, Germany. 
All gases were obtained from Hoek Loos, Schiedam, the Netherlands. 
Traces of oxygen were removed as described before (Hutten et al., 
1981). 
Other abbreviationa used 
Cyanocobalamin, CN-B,-; adenosylcobalamin, ado-B.-. 
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RESULTS 
The previous Chapters dealt with the di f ferent effects of HS-CoM 
and CHjS-CoM on methanogenesis by cel l- free extracts of W. barkeri 
and M. thermoautotiOphieum. Methane production in M. thermoauto-
trophieum is stimulated by CH3S-CoM, while in M. barkeri methanogene-
sis from di f ferent substrates is stimulated by HS-CoM. The la t te r 
process is inhibited by CH3S-CoM. 
Effects of aobalamin en CHJ>-CoM réduction 
CH,S-CoM is reduced by H_ to methane with a high rate and during 
about 6-8 hours i f cobalamins (HO-B^. Bi?« and to a lesser extent 
ΟΝ-Β,ρ and ado-B,-) are present in the reaction mixtures with 
dialyzed cel l - f ree extracts of M. barkeri (Fig. 1). This reaction 
2+ depends on the presence of Hp, ATP and Mg (data not shown). The 
lower a c t i v i t y of CN-Bjgin this reaction may be due to the presence 
of cyanide since a simi lar reduction of the a c t i v i t y was observed 
when cyanide was applied together with B.« . The cobalamins, including 
CH-j-B^. are not active as substrates or promotors of the methane 
production in the absence of CoM-derivati ves. The rate of methane 
production from CH3S-CoM together with B 1 2 and from CH3-B12 together 
with HS-CoM is about 250-350 nmol.h .mg" protein. These processes 
2+ also depend on the presence of ATP, Mg and Hp (data not shown). 
During the lag phase of methane production (about 15 min), which was 
observed in studies in which HO-B^ or CN-B-i^  w a s applied, the 
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Fig. 1. Effect of cobalamins on DUS-CoM reduction by dialyzed 
extracts of M. barkeri. 
The reaction mixture (0.5 ml) contained 120 mM TES buffer, pH 6.8, 
7.5 mM ATP, 30 mM MgCL, 5 mM cobalamins, 5 mM CoM-derivative as 
indicated, H- as gas phase and about 8 mg protein. Further conditions 
were as indicated in Materials and Methods. 
The following cobalamin- and CoM-derivati ves were present: 
Α. ( Ι , Ο ) no additions; (2, D) all cobalamins tested in the absence 
of CH3S-CoM; (3, · ) CH3S-CoM; (4, •) H0-B12 together with CH3S-CoM·, 
(5, v) B 1 2 r together with CH3S-CoM; (6, A.) CN-B12 together with CH3S-
CoM; (7, Δ) ado-B12 together with CHjS-CoM. 
Β. ( 2 , a ) CH3-B12; ( 3 , · ) HS-CoM; ( 8 , 0 ) CH3-B12 together with HS-CoM; 
(9,ф) CH3-B12 together with CH3S-CoM. 
cobalamins were reduced to B12 as was apparent as well from the 





Fi'g. 2. Optimal conditions f o r CHjS-CoM reduction. 
A. Dialyzed extracts of M. barkeri were incubated with H- as the gas 
phase. In a reaction mixture (0.5 ml) containing OUS-CoM (10 mM), 
ATP (7.5 mM) and MgCl2 (30 mM) under standard conditions 9 mg protein 
were present together with varying amounts of HO-B 
12 
12-
B. Conditions as described for A, but 12 mg protein and 5 mM HO-B 
were present together with varying amounts of CH3S-CoM. 
С Conditions as described for A, but 9 mg prote in, 5 mM HO-B,-, 10 
mM CHjS-CoM were present together with varying amounts of ATP. 
Methane production was tested with dialyzed extracts obtained from 
cells grown on H2/C02, methanol, or acetate, and no substantial 
differences were observed between the results obtained with the 
various extracts. Methane production from OUS-CoM was optimal i f the 
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initial pH of the incubation mixture was adjusted at pH 6.8. The 
reaction rate was optimal in the presence of 5 mM HO-B^t Ю mM CH-S-
CoM and 5 mM ATP (Fig. 2) and was linearly proportional to the amounts 
of protein tested within the range of 4-15 mg protein. Under these 
conditions the added amount of CH.S-CoM was completely converted 
to methane within 4 hours and a second amount supplied after that 
time was consumed completely again. 
If ATP was replaced by ADP the activity was about half as low. 
The activating effect appears to be inherent to ADP and not due to 
its possible conversion to ATP by adenylate kinase, since a potent 
inhibitor of this enzyme, Ap5A, p-p-di-(adenosine-5'-)-pentaphosphate, 
(25 yM) did not lower the stimulating effect. 
Yet another reaction between CoM and cobalamins was observed to 
occur in the anaerobic incubation mixtures. In the presence of HS-
CoM HO-B.p was reduced according to the following equation: 
(N2) 
HS-COM + но-в1 2 - ί H S - C O M ) 2 + B 1 2 r (1) 
A similar reaction was reported by H i l l et a l . (1962) for other t h i o l -
derivatives, l i k e cysteine, gluthathione and e-mercaptoethanol. In the 
presence of hydrogen (S-CoM)« is reduced to HS-CoM by extracts of 
M. barkeri. 
The intermediary production of a mercapto-ligand of HS-CoM with 
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Fig. 3. Absorption spectra of cobalamins in the presence of HS-CoM. 
Absorption spectra were recorded as described under Materials and 
Methods. Λ N2 gas phase was used in the absence of extracts. 
1. 0.1 mM H0-B12; 2. 0.1 mM H0-Bl2 and 0.1 mM HS-CoM after a 
reaction time of 10 min; 3. 0.1 mM HO-B.g and 0.1 mM HS-CoM after a 
reaction time of 24 h; 4. 0.03 mM B 1 2 r . 
absorption spectra (Fig. 3) and from the temporary violet color of 
the reaction mixture. The violet color was earlier reported for 
other mercapto-ligands of В.- (Dolphin and Johnson, 1963, 1965). The 
production of such a ligand depends on the nature and concentration 
of the thiol-derivative present (Adler et a l . , 1966). 
Table 1 shows that CHjS-CoM was rapidly produced from CH.-B.p and 
HS-CoM; absorption spectra and the brown color of the incubation 
mixture indicate that the cobalamin was present as B12 . HS-CoM could 
not be replaced by CH,S-CoM in the conversion of ^Η,-Β,- (Fig· 1)· I " 
M. thermocmtotropMoim CH^-B^ reduction took place in the presence 
of HS-CoM or CH3S-CoM (results not shown). 
Effecte of HS-CoM and cobalanrins on methanogenesie from CH.OB cold 
Dialyzed extracts of M. barkeri catalyzed the formation of methane 
from methanol in the absence of cobalamins (Table 1). Methanol was 
fully converted within 10 h and OkS-CoM accumulated temporarily. In 
the presence of HO-B.- the in it ia l rate of methanogenesis was the 
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Dialyzed extract of M. barkeri was incubated under standard conditions 
in 10-ml bottles. HL was the gas phase, and 0.5 ml liquid was present 
and contained 120 mM TES buffer, pH 7.2, 7.5 mM ATP, 30 mM MgCl2 and 
about 10 mg protein. The test system used in methanol conversion 
contained further 100 mM CHjOH and 5 mM HS-CoM, and 10 mM HO-B^as 
indicated; the test system of Q U - B ^ conversion contained 3 mM O U -
120 
B 1 2 and 3 mM HS-CoM. 
Concentrations of HS-CoM, (S-CoM)« and QUS-CoM were determined 
by isotachophoresis according to Hermans et al. (1980). 
same and CH.S-CoM accumulated to a less extent, but the reaction was 
retarded on prolonged incubation and only part of the substrate was 
converted within 10 h. Similar results were obtained if HO-B,- was 
replaced by B,- or ΟΗ,Β.-, but the initial rates were somewhat lower 
with ado-B^p and CN-B,-. and in tests in which ^ was replaced by N-
as gas phase (Fig. 4). 
However, in the latter instance the presence of HO-B,- retarded the 
start of the reaction considerably (Fig. 4) and the addition of H0-
B,« during the course of methanogenesis from ΟΗ,ΟΗ in the presence of 
Np j-esulted in an immediate stop of methane production. Probably 
H0-B,2 served as an electron sink for methanol oxidation, and re­
duction of methanol to methane is retarded by competition for the 
electrons needed; B,-- did not cause these inhibiting effects and if 
H« was present as an electron donor the initial rate of methanogenesi 
from CHjOH was not influenced by the presence of HO-B^. 
The inhibiting effects of cobalamins exerted on prolonged 
incubation may be due to secondary reactions between HS-CoM and 
cobalamins, which were apparent from changes of absorption spectra 
and color. 
In tests with H2/CO2 as substrate for methanogenesis in the 
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Fig. 4. Effects of cobalamins on methane production from H^/CO- and 
CHjOH by dialyzed extracts of W. barkeri 
All mixtures were incubated anaerobi cally under standard conditions 
with H 2/C0 2 (80:20 v/v), H 2 or N 2 as gas phase (196 kPa), as 
indicated. The incubation mixture (0.5 ml in 10 ml bottles) contained 
120 mM TES buffer, pH 7.2, 7.5 mM ATP, 30 mM HgCl2 and about 12 mg 
protein. The reactions were started by the addition of dialyzed 
extract, but in the tests with N- as gas phase the incubation 
mixtures were incubated under H 2 and after replacement of this gas by 
N 2 the reaction was started by the addition of ATP as indicated by an 
arrow. In tests with methanol 100 mM substrate was used. HS-CoM (5 
mM) and cobalamins (5 mM) were present if indicated. The curve numbers 
and symbols used, were: (1,0) no additions, (2, o) all cobalamins, 
tested in the absence of HS-CoM, (3, ·) HS-CoM present. HS-CoM was 
present together with the following cobalamins: (4, •) H0-B 1 2, (5, v) 
B 1 2 r , (6, A ) CN-B 1 2, (7, Δ ) ado-B12 and (8,O) CH 3-B 1 2. Methanol 
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conversion was also tested without preincubation with H-· HS-CoM was 
present in the absence (9, φ) and presence(10,0) of HO-B,-· 
somewhat from those observed with methanol (Fig. 4 ) . Except CHj-B.-
all the derivatives were more or less inhibitory in the H-ZCO- re­
duction. This effect may be due to secondary reactions between HS-CoM 
and cobalamins. The temporarily stimulating effect of CH^-B,- was 
probably only virtual since the compound may have acted as a substrate 
in methanogenesis. 
The foregoing results indicate that cobalamins act as activators in 
the methanogenesis from OUS-CoM but they are not required and are 
even partially inhibitory in the methanogenesis from methanol and HJ 
C02, both tested with HS-CoM as activator. 
Effect of CH-CoM and cdbalamina on the methanogeneeie from methanol 
and HJCO 
A complex series of effects may be expected in tests of methano­
genesis from methanol or ^/CO- if CH3S-CoM is used together with 
cobalamins as activators (Fig. 5). In the absence of cobalamin no 
activation occurred, since CH3S-CoM can not act in such a way in 
contrast to HS-CoM. In the presence of cobalamins CH3S-CoM may be 
converted to methane and HS-CoM and methanogenesis may occur, but at 
the same time cobalamins and the residual QUS-CoM present, inhibit 















Fig. 5. Effects of coba 1 amins on methane production from H2/C0? and 
methanol in the presence of CHjS-CoM by dialyzed extracts of M. 
Ъагкетг. 
A l l incubations were done as described in Fig. 4, but HS-CoH was re­
placed by CH3S-CoM (10 mM). 
The curve numbers and symbols used were: ( 1 , o ) no additions and 
addition of CHgS-CoM solely, (2, D) a l l cobalamins, tested in the 
absence of CH3S-CoM, (3, · ) HS-CoM present, and CHjS-CoM present 
together with the fol lowing cobalamins: (4, •) HO-B.^, (5, ν ) В,« , 
and (8, О) СН3-В12. 
Table 2 summarizes the effects exerted by HS-CoM, CH.S-CoM and 
cobalamins on the various methanogenic systems; both the rates of 
methane production and the total amounts of methane formed, are given. 
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a. Dialyzed extracts of H. barkeri were incubated under standard 
conditions in 10 ml bottles containing 0.5 ml reaction mixture (120 
mM TES buffer, pH 7.2; 7.5 mM ATP; 30 mM MgCl2; about 15 mg protein 
and 5 mM HS-CoM, 5 mM CH3S-CoM or 10 mM H0-B 1 2 as indicated (100 or 
200 mM methanol applied with a gas phase of H 2 or N 2, respectively). 
b. Rates of methane production are given as nmol.h" .mg" protein, 
amounts are given as umol produced in 24 h. 
с After a preincubation of 30 min with H 2, the gas phase was re­
placed by N- and ATP was added to start the reaction. 
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DISCUSSION 
In the two previous Chapters i t was pointed out that dialyzed 
extracts of M. barkeri use HS-CoM as a coenzyme in methanogenesis 
from H2/CO2 and methanol and, as indicated in t h i s Chapter, also 
from CHj-B,-· CH3S-CoM could not replace HS-CoM as a coenzyme and 
i t inhib i ted the stimulation by HS-CoM. Moreover, i t could not be 
used as a substrate for methanogenesis. In Chapter 5 we concluded 
that dialyzed extracts of M. barkeri were unable to activate CH3S-CoM. 
In th is Chapter the effects of cobalamins on the conversion of 
CH3S-CoM, CO2 and ОКОН is described. Previous studies (Neujahr and 
Call i e r i , 1959; Blaylock and Stadtman, 1964; Lezius and Barker, 1965; 
Stadtman and Blaylock, 1966; Wood and Wolfe, 1966) reported the 
presence of rather high quantities of cobalamins within cel ls of 
Methanoearcina and other methanogenic bacteria. Moreover, i t was 
noticed already in the oldest reports (Lezius and Barker, 1965; 
Stadtman and Blaylock, 1966) that part of the cobalamins were present 
in a unique form, called Factor I I I , which contains 5-hydroxybenzi-
midazole as a lower ligand instead of 5,6-dimethylbenzimidazole. 
Recent results obtained by Pol and Gage (unpublished results) within 
our department indicate that a l l cobalamins of M. barkeri which 
contain a lower l igand, are Factor I l l - d e r i v a t i v e s . Preliminary 
results indicate that th is form of cobalamins is found exclusively 
within methanogenic bacteria. 
Although the unique lower ligand may influence i t s coenzymic 
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function strongly, we tested in this study only the effect of a-
(5,6-dimethylbenzinidazolyl)-cobamide, since sufficient amounts of 
Factor Ill-derivatives were not available. 
Most of the cobalamin-derivati ves were easily reduced to 
preferentially Β,-ρ under the incubation conditions applied. This 
reduction is catalyzed by enzynie(s) present in the extracts. Possibly 
part of the cobalamins are reduced to the level of B.-s directly or 
by disproportionation of B,- to В.- and HO-B,- (Yamada, 1968). Our 
data and analytical procedures are inadequate to present the answer. 
We suppose that a reduced В.- can activate CH-S-CoM in such a way 
that methane and HS-CoM can be formed from it; the activation 
probably involves an enzymic transmethylation, viz. 




і2 + H S- C o M 
The reversed reaction was reported to occur in cell-free extracts of 
Methanobacteriujn earlier(McBride and Wolfe, 1971; Taylor and Wolfe, 
1974) and was active in the experiment described here in Fig. 1 
Methanogenesis from DUS-CoM required, besides cobal amins, also 
2+ the presence of catalytic amounts of ATP, Mg , H 2 and active extract. 
The presence of methyl coenzyme M reductase was demonstrated without 
any doubt in a number of methanogens (Gunsalus and Wolfe, 1978, 1980; 
Shapiro and Wolfe, 1980; Mountford, 1980) and the enzyme from 
Methanobaaterium thermautotraphicim was purified to homogeneity 
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(Ellefson and Wolfe, 1980b). 
The positive reports on the presence of this reductase in M. 
barkeri were obtained with crude extracts (Shapiro and Wolfe, 1980) 
or with extracts which were dialyzed only once (Mountford, 1980). 
Therefore, these extracts may still contain sufficient amounts of 
activating substances like cobalamins. 
Although we think to have solved the question how CH,S-CoM is 
activated by extracts of M. barkeri, we face now an important new 
question: which methyl-carrier is the intermediate in methanogenesis 
by extracts of M. barkeri from H^/COp or methanol as substrate: 
CH3S-CoM, CH3-B12 or yet another carrier? 
CHjS-CoM is formed on incubations of extracts of M. barkeri with 
methanol (this Chapter ; Hermans et al., 1980; Shapiro and Wolfe, 
1980). The results presented in the two foregoing Chapters and in 
this Chapter demonstrate that CH3S-CoM is not converted to methane 
unless cobalamins are present. However, this addition is not required 
in methanogenesis from H-ZCO- or methanol (Chapter 5; this Chapter). 
CHj-B.- is converted to methane only in the presence of HS-CoM. 
Both methyl-carriers may be excluded from a general intermediary 
position on the basis of these results. The last Chapter of this 
thesis intends to resolve the question put forward here. 
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THE PROCESS OF METHANOGENESIS 
In this Chapter the results of Chapters 5, б and 7 will be dis­
cussed against the current understanding of the process of methano-
genesis and recent results, which were obtained by workers in this 
field after the time we stopped our experimental work early 1980. The 
specific conclusions of our experiments are discussed in each of the 
Chapters mentioned. 
Current understanding of the procese of methanogeneaia 
Barker (1956) proposed a unifying mechanism to account for me-
thanogenesis from H^/CO-j formate, methanol or acetate (Fig. 1). 
CH3OH+XH 
XH + CO 2 I 
XCOOH :
Ϊ Μ Γ 
- M 
хсно 






Fig. 1. Scheme for methanogenesis proposed by Barker (1956). 
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The C^-unit is bound to one or more unidentified carriers during the 
various reduction reactions. The first carrier found was coenzyme M 
and the work of Wolfe and coworkers (Gunsalus and Wolfe, 1978, 1979; 
Ellefson and Wolfe, 1980) on the terminal step of the process resulted 
in a detailed biochemical information of this reaction. Three 
components are involved in this reaction: component A, an oxygen 
sensitive protein complex having hydrogenase activity; component B, 
an oxygen sensitive, colorless cofactor; and component C, an oxygen 
stable, acidic protein which was identified as the CH,S-CoM methyl-
reductase (Ellefson and Wolfe, 1980; Gunsalus and Wolfe, 1980). 
Coenzyme M may be involved in the penultimate step of the reaction 
sequence since formaldehyde in the presence of HS-CoM and the product 
formed from both, HOCH-S-CoM, are converted to methane (Romesser, 
1978; this thesis. Chapter 6). 
However, HCOS-CoM cannot be converted to methane (Gunsalus et al., 
1976; Romesser, 1978; and this thesis. Chapter 6). 
Recent results of Keltjens and Vogels (1981) identified the 
carriers involved in the activation of C0?. A unique pterin, called 
methanopterin is converted to dihydromethanopterin. CO- is bound to 
the enamine moiety of these compounds and probably reduced to the 
formate level. 
In 1977 Gunsalus and Wolfe reported on a stimulation of CO- re-
duction to methane by CHjS-CoM. This most significant effect was 
called the RPG-effect. For each mol of CH3S-C0M added 12 mol of CH. 
were produced in incubation mixtures containing an atmosphere of Hp/ 
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CO-. The effect was not exerted by HS-CoM. In Chapter 6 we confirmed 
these results. The RPG-effect was interpreted as a coupling of the 
methyl reductase reaction to the activation and reduction of CO-
(Gunsalus and Wolfe, 1977; Wolfe and Higgins, 1979) and Wolfe stated 
"the terminal reaction appears to generate an intermediate that is 
involved in the primary step of CO- activation. We now must draw 
Barker's scheme as a definite cycle" (Wolfe and Higgins, 1979). The 
cyclic scheme was presented by Wolfe in a refined version as shown 






Fig. 2. Cyclic scheme proposed by Wolfe and Higgins (1979). 
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CDR refers to a heat stable dialyzable cofactor required for CO- re-
duction (Romesser, 1978). The cyclic character of the scheme was 
justified both on the basis of the observed RPG-effect and on the 
observation that CO- stimulated the conversion of CH-S-CoM in CH. even 
in extracts which were unable to convert CO- to CH.. 
Spécifia points for further consideration 
In this paragraph we like to comment on three aspects of the data 
described earlier and in this thesis. 
1. Catalytic effects of ATP and CH-jS-CoM. ATP was required in all 
processes in which CH. formation was tested so far. However, the 
amount of ATP needed is only "catalytic", 1 mol of ATP being required 
per 15 (Gunsalus and Wolfe, 1977) or 5 (Romesser, 1978) mol of CH4 
formed. Shapiro and Wolfe (1980) found also a requirement for ATP in 
a process in which methane was not formed viz. in the methylation of 
HS-CoM by methanol in extracts of mthanosarcina hxrkeri, 85 methyl 
groups being transferred per mol ATP consumed. Many authors have 
speculated on the catalytic role of ATP (Roberton and Wolfe, 1969, 
1970; Gunsalus and Wolfe, 1978; Romesser, 1978; Shapiro and Wolfe, 
1980; Sauer et al., 1977, 1979) and some direct investigations were 
made by Gunsalus and Wolfe (1978) and Romesser (1978). ATP may be 
involved in creating or stabilizing an energized state of the membrane 
or it may act to adenylylate or phosphorylate an enzyme or cofactor 
(Sauer et al., 1977, 1979; Doddema, 1980; Kell et al., 1980). The 
first explanation requires the supposition that topologically closed 
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membranous material participates in the process of methanogenesis in 
cell-free extracts. The second explanation implies that some phos-
phorylated or adenylylated enzyme or cofactor is formed. Attempts 
of Gunsalus and Wolfe (1978) to isolate such a covalently modified 
form of the enzyme complex were unsuccesful. 
The catalytic action of CH3S-CoM on CO- reduction was described 
above as the RPG-effect. Since both catalysis affect methanogenesis in 
a quantitatively similar way, it is tempting to suppose a common 
basis in the catalytic action. 
2. The 'unity of biochemistry' is now partly disturbed by the many 
aberrant properties of archaebacteria (e.g. as to the cell wall and 
cell membrane structures) and the unique process of methanogenesis 
involving specific coenzymes and enzymes and partly also in the inter­
mediary metabolism. How much more would this unity of biochemistry be 
disturbed if there were substantial differences in the process of 
methanogenesis among the bacteria. Therefore we intend to interpret 
the different effects of HS-CoH and CH3S-CoM on methanogenesis as 
reflections of specificities of enzymes or regulation mechanisms 
rather than as specific pathways with different coenzymes and enzymes. 
3. The most intriguing question left after the studies described 
in Chapters 5, б and 7 concerns the identity of the methyl carrier 
involved in the terminal step of methanogenesis. In the penultimate 
step the methyl group may be delivered by the intact methyl moieties 
of methanol or acetate, as was demonstrated by isotopie studies of 
Pine and Barker (1954, 1956) and Mah et al. (1978), or by a yet not 
138 
identified carrier formed in the reduction of C0?. 
We considered various potential methyl carriers which may be 
involved in the terminal step (Chapters 5, 6 and 7). CH,S-CoM being 
the most obvious substrate on the basis of the studies of Wolfe and 
coworkers was not directly activated in the extracts of M. barkeri. 
Cobalamins are required in its conversion to CH- in these extracts 
but not in those of M. thermoautotrophieum and most other methanogens. 
If cobalamins are involved in the terminal step, then CHj-B.- would be 
a likely candidate as intermediate in the reduction of CH-S-CoM to 
CH.. However, dialyzed extracts did not reduce CHj-Bjg in the absence 
of HS-CoM and cobalamins were not required in the conversion of 
methanol and Hg/CO- to CH. in dialyzed extracts of M. barken. 
Some other candidates - which were in fact derivatives of HS-CoM -
were tested (see Chapter 5), but no alternative methyl carriers could 
be established. Studies within our department excluded also C,-X-T and 
YFC, which are formed during methanogenesis (Daniels and Zeikus, 
1978), as candidates for a role as substrate in the terminal reaction 
(J. Keltjens, P. van der Meyden, unpublished results). 
These results instigate a further study for possible substrates of 
the terminal reaction. 
Occurrence and role of aobalt oorrinoidB and ni-akel tetrapyrroles 
The previous studies and suggestions on the eventual role of 
cobalamins are described in Chapter 6. Cobalamins are present in 
rather large amounts in all methanogens studied so far (Blaylock and 
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Stadtman, 1966; Stadtman and Blaylock, 1966; Krzycki and Zei kus, 
1980). The cytoplasmic concentration is about 0.5 tnM. Most, if not 
all, cobalamins in W. barkeri are present as derivatives of a unique 
form. Factor III, containing 5-hydroxybenzinndazole as a-ligand 
(Stadtman, 1967; A. Pol, unpublished results). This specific 
ligandation may affect the catalytic function seriously. Moreover, 
the presence of a specific enzyme catalyzing the transfer of methyl-
groups of cobalamins to HS-CoM was established in Methanobacterium 
(Taylor and Wolfe, 1974). 
In view of the high concentration of cobalamins present a role in 
either CH. formation or cell-carbon assimilation is most obvious. Of 
these two alternatives the first one is less attractive on the basis 
of the previous discussion on the secondary role which cobalamins 
play in only one of the processes of methanogenesis. Since at least one 
third of the cell carbon is derived directly from CO« (Taylor et al., 
1976; Fuchs et al., 1978; Fuchs and Stupperich, 1978; Weimer and 
Zeikus, 1978, 1979) the residual part is most likely introduced at 
the level of methyl groups unless reduction processes play an 
important role in the primary steps of cell carbon synthesis. 
Recent studies (Diekert et al., 1980a-d; Whitman and Wolfe, 1980) 
have shown the presence of a nickel tetrapyrrole, called F ™ , in 
methanogens. F.™ has a molecular weight of about 1500 dalton and 
contains a tightly bounded nickel (Diekert et al., 1980a,b; Whitman 
and Wolfe, 1980). In our department (J. Keltjens, unpublished results) 
evidence is obtained that CoM-derivatives are present in part of the 
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F.-- compounds, one of them containing CH3S-CoM. This may suggest a 
role of nickel tetrapyrroles in the terminal reduction step. This 
suggestion is substantiated by the fact that the yellow chromophore 
of component С of the CH^S-CoM reductase system shows an absorption 
spectrum similar to F.,« in the visible region (Ellefson and Wolfe, 
1980). 
2+ The coordination number of nickel can vary e.g. from 4 (Ni ), 
with a square geometry, to 6 (Ni + ) , with a octahedral geometry, as 
is described for cobalt corrinoids (Friedrichs, 1975). 
Nickel is also present in carbon monoxide dehyrogenase, isolated 
from Clostridium pasteurianum (Diekert, 1979). The nickel containing 
prosthetic group of this enzyme exhibits properties characteristic 
for cobalt corrinoids. The reduced form of this prosthetic group is 
inactivated by alkylhalides and can be reactivated by photolysis 
(Thauer et al., 1974; Diekert and Thauer, 1978). 
In fact the nickel-tetrapyrroles may function in the process of 
methanogenesis in the same way as previously suggested for cobalt 
corrinoids. A number of results previously attributed to effects on 
cobalt corrinoids may have been due to effects on nickel tetra­
pyrroles. Halogenated compounds like 1-iodopropane and 1-iodobutane 
inhibited the reduction of CH.OH and CH-S-CoM to methane, but not the 
conversion of CH-OH to CH3S-CoM in cell-free extracts of M. barkeri 
(S. Shapiro and R.S. Wolfe, pers. coran.). The inhibiting effects of 
1-iodopropane and 1-iodobutane were also described for Methano-
bacterium (Wood and Wolfe, 1966; McBride and Wolfe, 1971). Methano-
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genesis from CHjS-CoM is inhibited by CHC13, CH3N02, CF2C12 and 
chloral hydrate and to a less extent by halogenated alkanes (Gunsalus 
and Wolfe, 1978), but the most potent inh ib i t ion is exerted by 
halogenated ethanesulfonic acids (Gunsalus et a l . , 1978; Wolfe and 
Higgins, 1979; th is thesis. Chapters 5 and 6) . These effects of 
halogenated compounds on methanogenesis could not be explained in a 
simple way unless one accepts the otherwise unattractive idea of a 
central role of cobalt corrinoids in the process. However, they can 
be explained now on the basis of the presence of a n ickel - te t ra-
pyrrole in the central position in the last step of methanogenesis. 
Synthesia of the varions elemente into a model of the procees of 
me thanogenesis 
As pointed out in Chapter 6 the effects of CH.S-CoM and HS-CoM in 
methanogenesis from H-ZCO- were opposite to each other in tests with 
W. thermoautotrophiawn and M. barkeri. We l i ke to stress the fact 
that HS-CoM can not be used in the stimulation of CO« reduction in 
M. thermoautotrophicum, and CH,S-CoM is inactive in the same reaction 
in M. barkeri. These results are contradictory to part of the roles 
suggested for these compounds. I f HS-CoM just acts as the acceptor 
of methyl groups (or C.-units at a higher oxidation level) delivered 
by the catalyt ic action of a transferase involved somwhere in the 
reduction of CO- to CH- and i f CH,S-CoM is formed in th is react ion, 
and thereafter converted to CH. and HS-CoM, both forms of the coenzyme 
should be active in the processes studied. 
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In view of the possible implication of F.,Q (nickel tetrapyrrole) 
in the terminal step of methanogenesis and the presence of coenzyme M 
derivatives in Рдзп» w e suggest that HS-CoM and CH-S-CoM must be 
activated ( i . e . bound to nickel tetrapyrrole) in order to act as 
catalysts. Such an activation nay be brought about by a reaction in 
which ATP is used; HS-CoM i s activated exclusively in M. barkeri and 
CH3S-C0M exclusively in м. thermoautotrophiaum and most other methano-
gens. 




CHjS-CoM^Z^CHgS-CoM-Fuo HS-CoM-FC30 •HS-CoM 
cell carbon Crdorwr-*—intermediates^—CO2 
Fig. 3. Methanogenesis and RPG-effect in Methanobactex>iitm thermoauto-
trophicwn. 
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cata ly t ic amounts of CH3S-CoM and ATP to extracts of ы. thermoauto-
trophiaum results in the formation of an active methyl reductase con­
taining coenzyme M bound to the nickel tetrapyrrole of the enzyme. 
CO- reduction to CH. may then take place but during this process part 
of the coenzyme M is lost from the complex as HS-CoM. 
Due to an i n s t a b i l i t y of the coenzyme M-F-,0 complex a new active 
methyl reductase complex must be formed after conversion of about 15 
mol COp, as was apparent from the stoichiometry (about 15 mol CO-
reduced per mol CH,S-CoM; about 15 mol CH. produced per mol ATP 
added). 
In M. barkeri no RPG-effect (activation by CH.S-CoM) is found 
(Gunsalus and Wolfe, 1978). The activation of the methyl reductase 
takes place at the HS-CoM level. However QUS-CoM may be used as a 
substrate of methanogenesis and as an act ivator of the systems using 
CH,0H or H./CO- as substrate i f cobalt corn'noids (Β,ρ) are present. 
Methyl coenzyme M-B.« methyl transferases are present also in it. 
ЪтуапНг and probably in a l l methanogens. We suggest that this enzyme 
is important in the delivery of C,-units for ce l l carbon synthesis 
via CH3-B12 (more part icu lar ly CH3-Factor I I I ) . In this view CH3S-CoM 
in the free form and CH,S-CoM bound to tetrapyrroles form the crucial 
determinants direct ing methyl groups via nickel tetrapyrroles to 
methane or via cobalt corrinoids to cel l carbon. 







CH3S-C0M-·—СНз5-СоМ-Р ; HS-CoM-FW0- HS-CoM 
Π
S Ci-donor 




Fig. 4. Methanogenesis in Methanoaaraina barkeri. 
genesis in the presence of HS-CoM may be a ref lect ion of a regulat ion 
mechanism. The accumulation of CH.S-CoM may result from a s i t u a t i o n 
in which cel l carbon synthesis is retarded as compared to methanoge­
nesis. I f CH,$-CoM i n h i b i t s the activation of HS-CoM both processes 
can be brought into balance. 
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The model presented here does not explain a l l the data known at 
the present. No more are a l l elements included beyond any s c i e n t i f i c 
doubt. However, i t may stimulate the scientists to improve inadequate 
elements and extend the understanding of the unique process of 
methanogenesis. 
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METHANOGENESIS 
STUDIES OF THE PROCESS AND THE MICRO-ORGANISMS 
INVOLVED IN METHANE FORMATION 
SUMMARY 
This thesis describes the results of my studies on the process of 
methane production (methanogenesis) by a specialized group of bacteria 
(methanogens). The research was performed in the period april 1975 -
february 1980 at the Department of Microbiology, University of 
Nijmegen. 
Chapter 1 describes the environments in which methanogens are found 
and methanogenesis occurs. Methanogenesis proceeds at anaerobic places 
where organic material is degraded by various fermenting organisms. 
The methanogens convert the endproducts of fermentation into methane. 
The methanogens are widely different from other bacteria "eu-
bacteria") in many aspects and they are placed - together with the 
extreme halophiles and two thermoacidophiles - in a separate primary 
kingdom and called "archaebacteria". 
The unique character of the methanogens is also reflected in the 
occurence of a group of novel coenzymes which participate in the 
supply of energy and cell carbon for growth and in the process of 
methanogenesis. The knowledge of these processes is still fragmentary; 
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this thesis presents new information particularly on the process of 
methanogenesis. 
Chapter 2 describes the isolation of a methanogen, Methanobrevi-
bacter strain TH, which was obtained from enrichment cultures con­
taining acetate. However, during the progress of our studies this 
strain was replaced by another acetate-consuming methanogen, Methano-
saroina barkeri. The latter bacterium grows in defined media with 
acetate, methanol or carbon dioxide as carbon sources. 
Chapter 3 gives the information on the growth conditions of M. 
barkeri. It appaered that the supply of carbon dioxide and the 
changes of pH may be critical factors during the maintenance of 
growth. 
The last four Chapters of the thesis deal with the role played by 
some coenzymes on the methanogenesis in cell-free extracts of м. 
barkeri and Methanobacterium thermoautotraphicum. These two bacteria 
were chosen because they represent two groups of methanogens 
differing as to the substrate specificity and some details of the 
methanogenic process. Among the coenzymes studied coenzyme M (2-
mercaptoethanesulfonic acid, HS-CHp-Ok-SO,", HS-CoM) and its 
methylated form CH,S-CoM play a major part. Coenzyme M is involved in 
the last step of the reduction pathway, in which CCL is reduced to 
CH^. The enzyme methyl coenzyme M methyl reductase catalyzes the con-
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version of CH,S-CoM into HS-CoM and CH 
In Chapter 4 a new method is given for the separation and quanti-
fication of coenzyme M derivatives. The isotachophoretic analysis 
allows the simultaneous determination of low amounts of these 
compounds. 
A number of techniques used in the anaerobic work and many ana-
lytical procedures are compiled in Chapter 5. This Chapter describes 
the effects of coenzyme M derivatives on the methanogenesis by 
dialyzed cell-free extracts of M. barkeri. Methanogenesis from 
hydrogen plus carbon dioxide (H./CCL) and from methanol was stimulated 
by HS-CoM, but not by CH,S-CoM. The latter compound was not converted 
into HS-CoM and CH., unless cobalamins are added to the extracts. The 
results of these experiments are presented in Chapter 7. 
In extracts of M. thermoautotrapkicum methanogenesis from ^/CO» 
is stimulated by CH3S-CoM, but not by HS-CoM (Chapter 6). 
In the last Chapter the results of this thesis are discussed 
against the current understanding of the process of methanogenesis. A 
model of the process is given in which HS-CoM and CH3S-CoM have to be 
activated before they may participate in the reactions. The activation 
involves the binding of either HS-CoM or CH,S-CoM to be the nickel-
containing coenzyme F.?n. 
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SAMENVATTING 
Methcumvovrning. Een onderzoek naar het proces en de organismen die 
betrokken zijn bij de vorming van methaan. 
Dit proefschrift beschrijft de resultaten van mijn onderzoek naar 
de vorming van methaan door een zeer gespecialiseerde groep van bac-
teriën (methaanvormers). 
Het onderzoek werd verricht van april 1975 tot februari 1980 binnen 
het laboratorium voor Microbiologie van de Universiteit van Nijmegen. 
Hoofdstuk 1 beschrijft het milieu waarin methaanvormende bacteriën 
worden aangetroffen. Methaanvorming treedt op in plaatsen waar geen 
zuurstof aanwezig is en waar organies materiaal wordt afgebroken door 
een grote verscheidenheid van organismen (vergisting). Methaanvormers 
zetten de eindproducten van deze vergisting om in methaan. 
De methaanvormers verschillen in velerlei opzicht van de andere 
bacteriën (eubacteriën). Zij worden tezamen met enkele bacteriën die 
leven in een bijzonder zout milieu en in een warm, zuur milieu, ge-
plaatst in een apart oerrijk. Men noemt ze de archaebacteriën. 
Het unieke karakter van de methaanvormers komt ook duidelijk tot 
uiting in het voorkomen van een groep onbekende coenzymen, die be-
trokken zijn bij de energielevering, bij de celopbouw en bij het pro-
ces van de methaanvorming. De kennis van deze processen is nog steeds 
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zeer onvolledig. Dit proefschrift geeft nieuwe gegevens over onder 
meer het proces van de methaanvorming. 
Hoofdstuk 2 beschrijft de isolering van een methaanvormer, Methano-
brevibaoter strain TH, uit een ophopingskultuur die azijnzuur bevatte. 
Voor het verdere onderzoek heb ik echter Methanoearaina barkeri ge-
bruikt. Deze bacterie groeit in duidelijk omschreven media waaraan 
azijnzuur, methanol of koolzuur(gas) als energie- en koolstofbron 
zijn toegevoegd. 
Hoofdstuk 3 geeft informatie over de omstandigheden die de groei 
van M. barkeri bepalen. De aanwezigheid van koolzuurgas bleek abso-
luut noodzakelijk voor groei en methaanvorming. Veranderingen van de 
pH (zuurgraad) bleken een crus i al e invloed op de groei te hebben. 
De laatste 4 hoofdstukken van dit proefschrift bespreken de rol die 
enkele unieke coenzymen spelen in de methaanvorming door celvrije ex-
tracten van M. barkeri en Methanobacteriim themoautotrophiaum. Deze 
twee bacteriën werden gekozen omdat zij twee groepen van methaanvor-
mers vertegenwoordigen, die verschillen in zowel de substraatspecifi-
citeit als in enkele tot nu toe bekende details van het proces van 
de methaanvorming. 
Een groot gedeelte van mijn onderzoek is verricht aan coenzyme M 
(2-niercaptoethaansulfonzuur, HS-f^-CH^-SO-jH, HS-CoM) en de hiervan 
afgeleide gemethyleerde verbinding, GUS-CoM. Coenzyme M is betrokken 
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bij de laatste stap in de reduktieweg van koolzuurgas naar methaan. 
Het enzym methylcoenzym M methyl reductase katalyseert de omzetting van 
CHoS-CoM naar methaan en HS-CoM. 
In hoofdstuk 4 wordt een nieuwe methode besproken voor de scheiding 
en kwantificering van coenzyme M-verbindingen m.b.v. isotachophorese. 
Deze analyse biedt de mogelijkheid voor de gelijktijdige bepaling van 
geringe hoeveelheden van deze verbindingen. 
In hoofdstuk 5 zijn analytiese procedures en een aantal technieken 
beschreven, die gebruikt werden bij het anaerobe werk. Verder be­
schrijft dit hoofdstuk de effekten van coenzyme M-verbindingen op de 
methaanvorming door gedialyseerde celvrije extraken van M. ЪагкеН. 
De methaanvorming uit waterstof en koolzuur en uit methanol wordt ge­
stimuleerd door HS-CoM en niet door CH3S-CoM. Deze laatste verbinding 
wordt door extracten van M. barken alleen omgezet naar methaan en 
HS-CoM, als cobalamines worden toegevoegd. De resultaten van dit on­
derzoek zijn in hoofdstuk 7 weergegeven. 
In extrakten van M. thermoautotvophioum wordt de methaanvorming uit 
waterstof en koolzuurgas gestimuleerd door CH,S-CoM en niet door HS-
CoM (hoofdstuk 6). 
In het laatste hoofdstuk worden de resultaten van dit promotie-on­
derzoek beoordeeld in het licht van de huidige kennis van het proces 
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van de methaanvorming. 
Er wordt een model voorgesteld waarin HS-CoM en CH3S-CoM moeten 
worden geaktiveerd voordat zij in de reakties kunnen deelnemen. De 
aktivering vindt plaats door de binding van HS-CoM of CH3S-CoM aan 
het nikkel bevattende coenzyme F-,n. 
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CURRICULUM VITAE 
De schrijver van dit proefschrift werd geboren op 15 februari 1951 
te Ootnrnrsum. Hij behaalde het einddiploma HBS-B aan het Thomas à 
Kempis Lyceum te Zwolle en begon in hetzelfde jaar met de studie bio-
logie (richting B.) aan de Katholieke Universiteit te Nijmegen. Het 
doktoraal examen met als hoofdvak Chemische Cytologie (Prof.Dr. 
C.M.A. Kuyper) en de bijvakken Microbiologie (Prof.Dr.Ir. G.D. Vogels, 
Dr. A.H. Weerkamp) en Sociale Wijsbegeerte (Mr.Drs. J.G.M. Bril) werd 
behaald in maart 1975. 
Vanaf 1 april 1975 tot 1 februari 1980 was hij werkzaam aan het 
Laboratorium voor Microbiologie van de Katholieke Universiteit te 
Nijmegen. Tijdens het schrijven van dit proefschrift is hij begonnen 
met een studie economie aan de Landbouw Hogeschool te Wageningen. 
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STELLINGEN 
Theo J.H.M. Hutten 
5 februari 1982 
I 
Onkruit vergaat m e t . 
II 
De geschiedenis van Iran: van olierijk tot oliedom. 
Ill 
Het is verwonderlijk dat het gezin zo hoog aangeschreven staat bij 
politici die zelf dag en nacht van huis zijn. 
IV 
De Nijmeegse binnenstad heeft meer te lijden gehad van het beleid 
van de naoorlogse gemeentebestuurders dan van de tweede wereld oorlog. 
V 
Het slagen van het kleine-kernen-beleid, zoals dat in de Nota 
Landelijke Gebieden is bedoeld, hangt teveel van de huwelijksvrucht-
baarheid af. 
VI 
Het declaratiesysteem dat ziekenfondsen ten aanzien van de tandheel-
kundige hulpverlening hanteren, maakt voor de tandarts restauratief 
ingrijpen financieel aantrekkelijker dan preventief tandheelkundig 
handelen. 
VII 
Het bestaan van grote maatschappelijke behoeften in de woningbouw, 
stadsvernieuwing, gezinszorg, onderwijs, energie en milieu en het 
voorkomen van werkeloosheid juist in deze sektoren, getuigt van een 
falend beleid bi j zowel de overheid als het bedrijfsleven. 
Ш 
Het opleiden van studenten en promovendi in de biologie is voorname­
l i j k gericht op het verrichten van wetenschappelijk onderzoek en is 
te weinig gericht op het verrichten van andere taken in onze maat­
schappij. 
IX 
In wetenschappelijke publikaties binnen het veld van de algemene 
mikrobiologie worden gebruikte materialen en methoden uitgebreid 
weergegeven. Het is echter opvallend dat er weinig aandacht besteed 
wordt aan de risico's die aan deze materialen en methoden verbonden 
z i j n . 
X 
Door de grote achterstand die het onderzoek naar de toepassing van 
alternatieve energiebronnen heeft opgelopen ten opzichte van kern­
energie en kolen, en de hoge kosten die reeds voor het onderzoek naar 
deze laatste energiedragers z i jn gemaakt, is het nagenoeg onmogelijk 
al ternat ieve energiebronnen een gelijkwaardige kans te geven in de 
Brede Maatschappelijke Diskussie over energie. 
XI 
De maatregelen die genomen worden om gezondheidsrisico's te beperken, 
z i j n te veel afgestemd op het voorkómen van arbeidsverzuim, ongeluk-
ken en rampen en te weinig op het voorkómen van chroniese gezondheids-
r i s i c o ' s . 
XI I 
U i t de informatie die de ANWB toeristenkaarten aan kanovaarders ver-
schaf fen, moet de konklusie getrokken worden dat de ANWB kanovaarders 
n i e t a ls toeristen beschouwt. 
X I I I 
Roeien is een tobsport b i j u i t s tek . 


